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METHOD AND APPARATUS FOR POWEE,~e3NiiRATION 

The present invention is a continuation-in-part of 
co-pending U.S. patent applications for: "Heat- 
Generating Method and Apparatus", Serial No. 323,513, 
filed March 13, 1989; "Neutron-Beam Method and 
Apparatus", Serial No. 326,693, filed March 21, 1989; 
"Heat Generating Method and Apparatus", Serial No. 
335,233, filed April lo, 1989; "Heat Generating Method 
and Apparatus", Serial No. 338,879, filed April 14, 1989; 
"Power Generating Method and Apparatus", Serial No. 
339,646, filed April is, 1989; "Power Generating Method 
and Apparatus", Serial No. 346,079, filed May 2, 1989; 
and "Power Generating Method and Apparatus", Serial No. 
352,478, filed May 16, 1989, which are incorporated 
herein by reference. 

The present invention relates to methods and 
apparatuses for generating heat, neutrons, tritium or 
electrical power, and in one illustration, to an 
apparatus which utilizes heat produced by compressing lew 
atomic weight nuclei in a metal lattice under conditions 
which produce excess heat, possibly involving nuclear 
fusion. 

An ideal energy source, and one which has been the 
subject of intensive scientific investigation and search 
over at least the past thirty years, would have the 
following properties: 

(a) the source would utilize deuterium, which is 
available in a virtually inexhaustible amount 
from the oceans; 

(b) The source would produce relatively benign and 
short-lived reaction products; 
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,c ' ^:;:T;r t r uce — ai iy — 

e.g. ln the form of heat 
-rgy lnpot into the syst j;^ 'han the 

«3) The source could be constructed on a , 

small, even port able scale. "lively 

^^TllZl'ZlT Z? y source has come ^ 

deuterium to energy £ ^JT^""' °' C ° nVe "^ 
<ense plasma, using either ZllZ lllT^ ° 
inertial co nfin e m ent to achieve the n ° " 
density, temperature and „ „ necessary plasma 

controlled pi asna ^™ ^ m «" needed for 
intensive worldwide sci^i c HIT °' " 

Possibility. of achieving control, T DeSPit9 tMs ' the 
hi 9 h-te„ P erature pl^JZZll llT^ ^ in « 
for example. Technology A sL"™ ! away. (Eee , 

«gy Assessment Report) t 1 ).! 

In an alternative fusion 
catalyzed fusion, muons a s e^?:^™ " ^ 
charge of nuclei (muons bind t igh t lv I T" ^ 
nucleus and neutralize its p ? ^ hyd "S« 

are drawn close together becausYo] T,T ' ^ " U = lei 
-on, so fusion by tunneling can th = *«vy nass of tl)> 

lo« temperature. Thus many o( the \ 3 "lively 
temperature plasma containment ^ ^ <* 
-ccess of the high-temperature p " ^ the 
avoided. However, due to the , approach are 

events during the lifetime of ~ " f ° Si °" 

unclear at this date whether the ^ i= 

developed to support a self- su „. ^ ever b * 

susta lnin g reaction. 



'»» «*• -t.on^ f 1un r d^- ro -re t erence numerals 

lection I. 

SUBSTITUTE SHET 



-3- 



The present invention involves an apparatus and 
method for generating energy, neutrons, tritium and/or 
heat as a specific form of energy. The apparatus 
comprises a material such as a metal having a lattice 
structure capable of accumulating isotopic hydrogen atoms 
and means for accumulating isotopic hydrogen atoms in the 
metal to a chemical potential sufficient to induce the 
generation of one or more forms of the previously noted 
energy. 

The sufficient chemical potential is, for example, 
enough to induce generation of an amount of heat greater 
than a joule-heat equivalent used in accumulating the 
isotopic hydrogen atoms in the lattice structure to the 
desired chemical potential. 

A preferred metal is one of group VIII or group 
IVA, palladium being most preferred. Other preferred 
metals include iron, cobalt, nickel,, ruthenium, rhodium, 
osmium, iridium, titanium, zirconium, hafnium or alloys 
thereof. 



During the operation of the apparatus of the 
invention, the charged lattice emits occasional bursts of 
neutrons, and/or undergoes short-duration periods of 
exceptional heat output. These observations suggest that 
heat-generating fusion events occurring within the 
lattice may include nuclear chain reactions which may be 
stimulated by high-energy particles or rays within or 
applied to the lattice (such as are generated by fusion 
or other nuclear reactions occurring within the lattice). 
Therefore, one aspect of the present invention involves 
stimulating or enhancing nuclear reactions in the lattice 
by exciting or bombarding the charged lattice with high 
energy rays or particles such as y rays, a or 3 
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particles, nigh energy or thermal ' neutrons 
energy protons. ' 



or high 



In an important embodiment -t-h« 

™ sing an isotoP n ; r : :;~ ■ 

for producing isotopic hydrogen 
ource to accumulate netai ^ 

lsot Cpl c hydrogen source is deuterated water ThI n *•„ 
be an agueous solution comprising aHl»V 

at least Partially submeraed in i-h- 

- £or acou.u.rCutsT:::;:. 01 " 10 "' 

in the metal lattice. -«°P- hydrogen atoms 

The apparatus of the nrocnnf • 
generating electric ty" 7ZT 7 " 

-11 Known to those s*illL L eLc ric t ^ " 
-ans f or transforming heat pro! i ' » ^J" T^' 
structure to electrical energy include eetrca 
generators such as steam turbines SM i, 
thermoelectric devices and th Se » lc ™ductor 

ices and thermionic emitters. 

A thermal neutron beam mav alt n k» 

- apparatus. This would involve a rea T"^ * 
-t.1 having a crystal lattice struct: ^ZJ^T" ' 
accumulating isotopic hydrogen atom, and ZTll 
ectopic hydrogen atoms accumulated in its L tt c ! 
structure to a chemical potential sumcien to h 
neutron-generating events « ^ "««nt to induce 

of thermal neutrons " I'ch *" 

* _ chemical potential beina 

Xeast about 0.5 ev when compared to a chemical It 
of isotopic hydrogen atoms in the metal 0 ' 

calibrated with the isotopic hydrogen at standard 

ciincTlTUTF SHEET 



-5- 



1 . 

pressure; and means such as a diverge* tmeutron 
collimator, for example, for collimating at least a 
portion of the thermal neutrons produced in the reactor 
into a thermal neutron beam. Thermal neutron radiography 
of a target material may also be performed, using 
recording means positioned to receive neutrons which pass 
through target material in the thermal neutron beam. 
Recording means includes a convertor to capture neutrons 
and emit capture-dependent radiation, and a film 
sensitive to said radiation. Neutron capture gamma-ray 
spectroscopy of a target material, may also be used by 
including means for measuring gamma-ray spectra produced 
upon neutron capture by the material. Neutron scatterir.c 
analysis of a target material, which includes a neutron 
detector for measuring distribution of scattered neutrons 
at angles different from that of the beam directed as to 
the target material is also an aspect of the present 
invention. 

The apparatus of the present invention may be in an 
arrangement where said metal is formed as a series of 
stacked membranes in an electrolytic cell, where pairs cf 
membranes partition the cell into a series of closed 
electrolytic compartments . 

Where the charge-generating source is electrolytic, 
the metal is a cathode and the electrolytic decomposing 
is carried out preferably at a current of 2-2000 mA cm" 2 
of cathode surface area, although higher current levels 
up to about 10,000 mA cm" 2 and even higher can be used in 
certain applications. 

In certain embodiments the fluid with the isotcpic 
hydrogen atom source may comprise a catalytic poison 
effective to block catalytic evolution of gases 
consisting of hydrogen isotopes. The fluid nav also 
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comprise lithi t 1 

Uthi™ sulfate mayTa^ 7^7 ^T™ '^'^ ^ 
sulfate. ° about 1.0 M lithium 

.ccu»„l,tio» than including" fortl' f ° r p --cing 

of the materia! or ™ in ti».at e mixture 

fused metal hydride and " P ^ rtic ^e form and the 

:r tion of .ctopi/h^::::!::: ^ - ~ 

the particles of me tal ,„h he SOUrc ° into 

chemical potential of 'JT ^ * 

-tal lattice of t ^*«" in *.,= 

«>is embodiment a preferred !°" 5 " " *-*««• ^ 
of palladium, nickel " "Nation is „ ith . = . M1 

/ iixuKei, iron, cobalt or a n 
=°urce of isotopic hydrogen atomi ■ , ^ the " Cf and 
oeuteride, sodium deuterLe pot " "'"^ 
fixtures thereof d ! ' P ° tassiu ™ deuteride or 

p-ticuute : t ; s ;i: ri; d iT hods of ^ ^ 
a high ener,;:: r s z : :tdeT tin9 . the nixt - e 

produce the chemical potent" of at TT^ ^ 
» 1— than about ! „ second . " lMSt 0.5 e v 

The preferred apparatus of the „„« . . 
one operable form, inWn<J ., a „ Present -venticn, ,„ 

-urea such^as deuterated Iter 1*" ' tea 
tritiated water. ' ° rdl ™Y water, or 

I" certain embodiments prefers . 
Pauadium, rhodium, ruthenium, ™S l' 
zirconium or alloys containing f " tit3 "*»=. 
these metals. The metal of th " IC i= otopes of 

also be a ccnoosite of a . uh prcsenc apparatus nav 
group consisting of pan ~ ""^ Sel[! «ed from tne 
iridium, osmium, nlc £ TZ^^ ™™*>°- 
titanium, platinum, naf niun , and 5irconi »». 

and alloys thereof, and a 



SIIRSTITIITF Rmj 



j \ -7- 



thin metal film upon said substrate of palladium, 
rhodium, ruthenium, iridium, zirconium, or alloys 
thereof. Alternatively, the metal may be a thin film 
layered on a composite of a substrate unable to 
accumulate isotonic hydrogen atoms to an extent inducing 
fusion reactions. Such a thin metal film has a" preferred 
thickness of about 50-500 A, although thicker films might 
be suitable. 

Means for transforming heat to electricity include a 
steam-powered turbine or an electrical generator, and a 
heat transfer system for transferring heat from the heat 
source to a turbine or electrical generator. This means 
for transforming may also be a semiconductor 
thermoelectric device or utilize a thermionic emitter 
device. 

The present invention also includes methods of 
generating heat and neutrons, as well as producing 
electricity or performing work. These methods comprise 
the steps of: (a) contacting a material (preferably a 
group VIII or IV A metal) having a lattice structure 
capable of accumulating isotopic hydrogen atoms, with a 
fluid comprising an isotopic hydrogen atom source; and 
(b) inducing accumulation of isotopic hydrogen atoms in 
the lattice sti^cture to achieve a concentration therein 
sufficient to cause heat or neutron generation. The 
achieved concentration of isotopic hydrogen atoms may be 
characterized by having a chemical potential of at least 
about 0.5 eV. The isotopic hydrogen atom source is at 
least one of water, deuterated water and tritiated water. 
In one preferred embodiment step (b) involves 
electrochemical decomposition of the isotopic hydrogen 
atom source and electrolytic compression of isotopic 
hydrogen atoms into the lattice structure. 
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Reaction byproducts, which can <„„i „ 
and/or triti*^ include tritium 

ritlated gas, tritiated water and h , • 
recovered by Known processes for he ^-can be 

as neutron emission^ h ! c °™>ercial use, as well 

missions which may be used for- =. 
purposes. for a v ariet;; C f 

As a method of producing electricii-v 

r™ heat to pe "°™ « s r:rr ir9 

Stirling engine, for example. ' 

Step (b) of these methods involve 
conditions to inrt,,,- • involve energy input 

electrolysis with the material act! " V ° 1Ve 
-erial is preferably a ^ a^:,^'- 

carried out at a e „rr a - * electrolysis ls 

-oo mA «- re b rr n about 2 and — * 

levels, as indicated p Zl £ ^ ^ 
embodiment, the material in ^ Preferr 
- present invention": T^^TZ t « 
to remove surface and near-surf treate ' 
WMt capability of the meta t" M * 
^rogen atoms. TH. .^."L" 1 . .V^ 1 "' '-epic 
at ieast a portion of any previouslv , " *" 

atoms. The treating inc L e s su ac 

-tal segment to remove a supe lal ^ " ^ 

the surface machining may be , ollo £ ZTlT"^ ™ 
to remove machining residue The d abraslm »==F 

involves one or both of he,t! ' a=sl ng preferably 

a Partial vacuum. ^ leas. 

As a method for n rnripni 

method includes the add^ ' nCU ' r ° n the 

3ddltl0nal "ep of: ,c) forcing 



gh current 
ed 

ed 
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generated neutrons into a neutron beam. As a method of 
neutron-beam analysis of a target material this method 
comprises the steps of: (d) collimating at least a 
portion of neutrons produced by the reactor to form a 
neutron beam; (e) directing the neutron beam at the 
target material; and (f) measuring physical events which 
are produced by directing the beam onto the material. 

Figure I-1A shows a cubic face-centered crystal 
structure in the lattice of a metal, such as palladium, 
used in the present invention; 

Figure I-1B shows the expanded beta form of the 
lattice, and diffusion of an isotopic hydrogen atom into 
the lattice; 

Figure 1-2 schematically shows one embodiment of an 
electrolytic cell for compressing isotopic hydrogen 
nuclei into che lattice of a metal rod; 

Figure 1-3 schematically shows an embodiment of an 
electrolytic cell having a bipolar cell stack in a cell- 
pressed configuration, for compressing isotopic hydrogen 
nuclei, such as deuterons, into the lattice of a metal; 

Figure 1-4 ^schematically illustrates an alternate 
method for achieving electrolytic compression of isotopi 
hydrogen atoms in a metal lattice; 

Figure 1-5 schematically illustrates a thin-film 
palladium electrode constructed for use in the invention 

Figure 1-6 schematically illustrates a palladium 
coated electrode constructed for use in the invention- 
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Figure 1-7 s l 

-ne ra F : 0 T\ h \it\:t:;" c view ° f a ««« 

to utiIi2e the energy t L: r L7° dlnent ** ^ °»* 
Present invention, derived from the 



Figure 1-9 sohematicallv ii, 
recovering tritium. Y Ulustr «e s a 



system for 



figure n-5 is a cross-section , 
• neutron-beam generator cons tn ! ' SChra «i= view of 
embodiment of the invention- acc °r d «g to one 

Figure ii- 6 i s a sch 
apparatus designed for neutroTra'd!" °' " "• ut ™-'»« 
one embodiment of the invention' 9 " Phy ' a «-"«" 9 « 

Figure n-7 is a s h 
aPParatu, designed for ° f a -utron-oe aa 

a-iysis. according to another ITT"' " """^ 
invention; and e **od 1In ent of the 

Figure I-q-e is a 

a schematic via,, ^ 
apparatus designed for neutron ° f * neutron-^ 

spectroscopy, according to anL ^anuna-ray 
invention; nother embodiment of the 



ca 



Figure iim shows 
! _ . u single r 

iormeter cell. ' 



Department va 



cuun Dewar- 



Figure ni-2A shows a ~ cho fc . 
f°r protect!-- -chemati 



ion against o-, i ea 
^ a -LJioc gal vanc-t--.*- 
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Figure III-2B shows a schematic of circuit for high 
stabilization of a regulated power supply used as a high 
output current galvanostat. 

Figure III-3A shows the temperature above bath vs. 
tine (upper) and cell potential vs. time data (lower) f- 
a 0.4 x 10 cm Pd rod in 0.1M LiOD solution. The applied 
current was 800 mA, the tath temperature was 29.87°C, and 
the estimated Q / was 0.158 W. The time of the 
measurement (taken at the end of the calibration pulse) 
was approximately 0.45 x 10 6 s after the beginning of the 
experiment. 

Figure IH-3B is the same as Figure III-3A except 
time of measurement approximately 0.89 x lo 6 s. Estimated 
Q f = 0.178 W. 

Figure III-3C is the same as Figure III-3A except 
time of measurement approximately 1.32 x 6 s. Estimated Q 
= 0.372 W. } 

Figure III-4A shows the temperature above bath vs 
time (upper) and cell potential vs. time data (lower) fo- 
a 0.2 x 10 cm Pd rod in 0.1 m LiOD solution. The applied 
current was 800 mA, the bath temperature was 29.90°C, and 
the estimated Q f was 0.73 6 W. The time of the 
measurement (taken at the end of the calibration pulse) 
was approximately 0.28 x 10 6 s after the beginning of the 
experiment. 

Figure III-4D is the same as Figure m- 4 A except 
tine of measurement approximately 0.54 x 10 6 s. Estimated 
Qf = 0.888W. 
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4A except 
Estimated 



Figure Hi- 5A sh 

(up Per) w cell potent - a r: tr;r e «« 

« l.« « M rod el ectro de n ^ ^ • 
Current density 64 » cm -> bath " ^ S ° lutic - 

' Bath temperature 29.87'c. 

Figure IH- 5B sho 

("PPer, ana ceU potent a! IZYT" ^ 

0-4 * i. as cn Pd rod *»• down Plots for a 

current density 64 „ ^V' 1 " ^ 

This is a different '^Perature 29.87'c. 

afferent ceil than that shown in F i gure 

Figure iii- 6a snous 
generation as a function of tLe for 

HI-5A. for the «11 in Figure 

Figure III- 6B sh 

veneration as a function of t Z fo ™ C '" '"^^ 
HI-5B. for the cell in Figure 

Figure IH- 7A shows tQ 

output as a function of time for th Gner9y 
5A. f ° r the cell in Figure In _ 

Figure IH-7B illustrates 
energy output as a function of * • Sp ° Clfic g -^gss 
Figure IH-5B. fot thc <=ell in 



Figure ni- 8 shows the CP n „ 
Plot for a 0. 4 X1 . 25 cn pd ele ll2 Per ^* vs. ti Be 

period during which the Cf > n ^ U ° D fc ' 

CG11 WGn - to boili 



a 

na . 
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Figure BM is a L o,-log plot (excess enth vs 
current density, of the data in Tables !„., and Z- 



According to one aspect of the invention, it has 
been aiscovered that isotopic hydrogen atoms, such as and 
preferably deuterium atcns, when accumulated in the 
lattice of metals which are capable of dissolving 
hydrogen, can achieve a compression and mobility i„ the 
lattice which are sufficient to produce heat-generating 
events within the metal lattice which are believed to be 
fusion-related, as evidenced both by the amount and 
duration of heat released from the lattice, and by the 
generation of nuclear fusion products. These heat- 
generating events may be associated with neutron and 
^production, and perhaps other nuclear reaction 

Section I describes materials and conditions 
suitable for achieving the required conditions for heat- 
generating or neutron-producing events within a netal 
lattice. 

Section II describes the generation and use of 
neutrons according to the present invention. 

Section" II! describes a detailed analysis of 
conditions and events relating to heat and neutron 
production according to the present invention 



SECTION T 
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A • Metal Lattice ~ ~ — 
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* Hi J adsorption of t-ho 
lattice surf a ce, and P (ili .° d f .' he atMlc hydrogen on the 
the lattice. ' dlffusl °" °f the atoms lnto 

c-*«- into the i eta ^ w att e :r: T ro9en at ° ns a ~ 

e.g., near hydride saturation L" 9 """"rations, 
lattice should he c a p able 0 T'JTL".',T' ^ 
an increasing concentration cfLo t " CraC * in? M 
« abated and compressed ^ *~ 

- ?: a ::rr n by ^ fusim 

defined herein to include I (Uhich ■» 

-tal doped with selected """^ »"oy. and 

-Her « ^ et .^^1 " ^ «=Pl.. 

of j,i (S) ai ' ' v eziroglu< 4 > n.»j. 

SS al.< and BambakadisO of t . h -Dandapani 

-tals, and particularly paHad • ' ^ 9r ° Up VI11 

iridium osmium, nicfcel co^it 

thereof, such as ^J^^ T ""^ 
alloys, are favored as ' " pal ladium/ceriun, 
titanium, ionium! and ™ " t ' 1 " 

The group VIII metaXs nav£ 
lattice structures as iu^J" ^ ' 
diffusion of isotopic hvdr™ '"^ X ~ 1A - Hit h 

lattice is able p to l; r: n aton= int ° the 

accommodates a high co„ce„t rati "^"^ £ ° ra ""ch 

t^ lattice, and effective 1";°" °' -o 
and craching. " PreVe " tS l"«li 2 ed strain 
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One possible mechanism for the nuclear-fusion events 
which are. believed to occur within a metal lattice 
charged with isotopic hydrogen involves a correlation 
between the valence electrons in the metal lattice and 
pairs of isotopic hydrogen which allows the hydrogen- 
atom pairs to become more localized and therefore more 
likely to fuse. Fusion occurring according to this 
mechanism may be favored by fermionic metals, i_e 
metals characterized by n(l/ 2 ) spin states. Exemplary 
fermionic metals would include titanium isotopes 22 Ti 4? , 
and 22 Ti 49 (together making up about 13% of the naturally 
occurring Ti nuclides, , "pd 105 (making up about 22 
percent of the naturally occurring Pd nuclides) 27 C o 
(making up W0% of naturally occurring Co nuclides), " 
Ru 9? and Ru 101 (together making up about 30% of the 

naturally occurring nuclides) 45 Rh 

y ^iaqbsj , ^103 (making ud. ioo% of 

naturally occurring Rh nuclides) , 77 i r fmakinrr ,^ u „ 

' ' 193 (roaKing up about 

63% of the naturally occurring ir- nuclides) , and 7s Pt 
(making up about 33.8% of the naturally occurring Pt 
nuclides) . 

Naturally occurring palladium may be particularly 
favorable, since the «Pd 105 isotope has a relatively 
large neutron cross section compared with other major 
isotopes present in naturally occurring Pd. Naturally 
occurring rhodium is also expected to provide a highly 
favorable lattice. 



As will be appreciated below, the metal lattice 
should also have (or be treated to have) surface 
properties which are favorable to charging with isotopic 
hydrogen atoms. Where the metal is charged by 
electrochemical decomposition of isotopic hydrogen water 
as described below, the surface should favor the 

electrolytic formation of atnn^ ; 

n o. atonic isotonic hydrogen at the 
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lattice surface, and also favor efficient absorption ,f 
the atomic isotopic hydrogen into the lattice The 
latter requirement will be defeated in certain metals. 
=uch as platinum, whose surface efficiently catalyses 
conversion of atomic isotopic hydrogen to molecular gas, 
at the expense of absorption into the lattice. 

bv J" T S reaSO "' " " iU te readi ^ »PP«cia-.ed 

by those of s kl ll i„ the art. metais such as platinum. 

which otherw.se might provide a favorable metal latti-, 

environment for isotopic hydrogen fusion, may be 

unsuitable. As win be discussed below, the problem of 

molecular hydrogen gas formation at the lattice surfac= 

can be minimized by the use of catalytic poisons, thus" 

-king usable otherwise potentially unusable metals. 

impurities, such as platinum, in a bulk-phase metal 
such as palladium, may also inhibit isotopic hydroge 
atom charging of the lattice, by promoting molecular =as 

ormatlon at the expense of hydrogen atom absorption , 
this regard, it is Known that many metal impurities te, 
to migrate to the surface of a metal when heated to n"lt 
temperature for casting or annealing. Kor this ro s 
-tals such as palladium which have been formed bv 
casting or annealing may have significant platinum 
impuritie, at their surface regions, and may therefore 
show relatively poor charging efficiency. Conversely a 
solid lattice formed bv c/^t-i™ "versely, a 

• y castl "9 °r annealing, followed bv 

machining or the like f-„ r "°" M fc S 

y remove out « surface regions 

would have relatively low surface impurities. Z 
machined lattice may be further treated _ ^ 
abrasives, to remove D n S ^hi„ * 

t . n . . . Possible surface contaminants f rc - 

the machining process. such methods for reducing "' 

purities in a metal lattice are known. 
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As will be seen from below, a feature which is 
believed to be important in the invention is charging a 
metal lattice to a high accumulation of isotopic hydroger 
atoms, particularly deuterium. i„ me tals such as 
palladium which are known to undergo significant 
hydriding (with ordinary hydrogen) over time (e^. , 
Veziroglu«>, Ron et al.< 3 >, Mueller ^ ^ (2)) ^ 

therefore desirable to remove at least a portion of the 
ordinary hydrogen present in the lattice prior to 
charging, sinqe this preexisting hydrogen may limit the 
available hydride sites in the lattice. Most preferably 
all of the hydrogen should be removed. Methods for 
removing or desorbing hydrogen from a metal lattice, such 
as by melting and cooling, or vacuum degassing are known. 

/isure I-1B illustrates a Pd-D (palladium-deuterium) 
lattice, showing deuterium nuclei moving freely into and 
out of a cell. Although the correct description o<= the 
palladium/isotopic hydrogen atom system is still 
uncertain, experiments performed in support of -he 
present invention, in conjunction with subsequent 
experiments reported by others, indicate the following 
features: y 

1. The isotopic hydrogen atoms are highly nobUe 
wit* a diffusion coefficient for deuterium. D d , of about 

10" 7 d 
cm- 2 s at about 100° K . This feature has been deduced in 
part from the measured electrolytic separation facte- s 
for hydrogen and deuterium, which shows that S varie<- 
with potential and approaches a limiting value of 9 5 
indicating that the atomic species in the lattice are'-o 
loosely bound as to behave as three-dimensional classical 
vibrators. M1 
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«£. deuterons (D+ , in the lattice _ fls eyide 
*lgra tl on of the nucle . ^ ^ 

electron frra each isotoplc ^ 

L t :: c : eiocaiizea in the — - *». 

3. it is possible to accumulate enough isotop-- 
yarogen ato B s in the lattice to raise the che.ica 

potential of the laHi^ , 

uae lattice to above 0.5 eV ar»H *^u- 

M* as 2 e v or more above the chemical ^ t f ^1 
standard pressure (il e., without input of en£rgy) _ 

« - Although the repulsive potential of the 

isotopic hydrogen nuclei is shielded to some extent bv 

electrons in the metal lattice, it is unliKely t h " 

molecular isotopic hydrogen. ^. , Dj , ia ■ ^ 

the weak S-character of the eleetmni 

Furfhor- * electronic wavef unctions . 

Further, formation of hydrogen-isptope gas <„ thp , 

has not been observed lattice 



The metal should be a solid form, i. e in thp , 
of a solid rod, sheet, or the l ike , w^e t ce ^ 
to be charged by electrolysis, as described in Se " 
below. Alternatively the m^i J Section 19 

*«.. as described il's! I * ?"-'«- 

small particle form, such as vhen 1 u tiL" HoT " 
charged by heating in the presenca „ f ' - £ «» 

descried in section n, The anode ^ fc * * • 

spaced from the cathode in any of these confi gur a " 
order to achieve uni forra charging . ^uratxons :n 



siiRSTITUTE SHET 



-19- 



B . Electrolytic Compression — -~ ~ 

Figure 1-2 shows an electrolytic cell or system 10 
for electrolytically charging a metal lattice with 
isotopic hydrogen atoms. As defined herein, "charging" 
means concentrating isotopic hydrogen atoms into a metal 
lattice. The charging process is also described as 
"compressing" isotopic hydrogen atoms into the lattice ,cr 
accumulating said atoms therein. As will be seen, the 
charging or concentrating process must be capable of 
concentrating isotopic hydrogen atoms into the lattice to 
a concentration significantly above the concentration of 
the hydrogen atoms in a metal hydride equilibrated at 
standard pressure (1 Bar at 273 °K) . 

In the electrolytic charging process illustrated in 
Figure 1-2, ^an aqueous solution of isotopic hydrogen 
water is electrolytically decomposed to form isotopic 
hydrogen atoms, including (designated 1 1 H, or H) , 
deuterium atoms (designated 2 X H or 2 D or D) , and tritium 
atoms (designated 3 X H or 3 T or T) , and preferably 
deuterium alone or in combination with ordinary hydrogen 
and/or tritium. The invention also contemplates loading 
of lithium atoms into the lattice, either alone or 
preferably in combination with isotopic hydrogen atoms, 
to achieve nuclear fusion reactions involving lithium 
nuclei, such as neutron interactions with lithium nuclei 
within the lattice to produce tritium. Suitable sources 
of lithium for charging are given below. 

The component which is decomposed to produce the 
isotopic hydrogen atoms is also referred to herein as the 
isotopic hydrogen atom source. One preferred source is 
an electrolyte solution of deuterated water, or an 
electrolyte solution of deuterated water containing 
ordinary water and/or tritiated water, containing an 
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electrolyte such as LiOD or Li 

variety of isotonic hvdro. ** *' exam Ple. A 

iterated and or tr L lat e d ~ S -uch as 

tritxated acids n «;o « 
deuterated or tritiat^ u ' 2 4 r exain Ple, and 

capable of electro lvti ri ' " Na0D ~ Li0 ^ 

ej.ecrrolytic decomposition +-0 * 

corresponding isotopic hy dro g e„ t0 f0rn the 

- 9 " at oms are suitable . 

The electrolytic source preferablv i , 
ordinary „ ater to h va t er H a . " ""^ 

0-5% ordinary „ ater t7 99 54 „ V °* betVeen about 

water. ' to 99.5* deuterrua and/or tritiated 



Alternatively, the source of ;„„,- • 
be ordinary water, deuterated liter T™"" 
any combination of the thr»« • Elated water, or 

the ration of ordinary h v d " " " tioM SUCh «>«t 

lattice to the total deut " the 

t riti u m „ U ci e i ( tr^r P : e ;: r t 1 vrr erons, — 

to 1:5. Prererably between about 5:i 



A variety of non-aqueous solvent 
suitable sources of the is «/ ° 1VentS ma - v a ^o provide 

-ents may includetot^rXrrLr^- ^ 
as deuterated and/or tritiat.rt , S ° UrCeS such 

-r nitriles, ^J^^^ ™trile. 

»*-■.•.*■».,. Pdynuciear I™ " ^ 

(S.».o function, and other compounds Hh 

reductive decomposition to yield i S ot Uad ' r *' 

•»ch as hydros sulfide and o the L^! ««■ 

-vents m ay be diluted or ' » -s. The 

containing either non-isotopic or i, , " qUO ° US 
other solute components as „„ ,. ■ lsoto Plc water and 

p nent^ as mentioned above. 

The source fluid Bay alGO _ 

which functions to poi son the cat, - ° "^"^ 

) Gurrace of the 
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cathode, to prevent reaction of surface bound isotopic 
hydrogen atoms with isotopic water, to form molecular 
isotopic hydrogen gas. A variety of compounds which a- 
effective to inhibit the catalytic formation of molecular- 
hydrogen on a metal surface are well known. These 
include a number of sulfur-containing compounds, such as 
thiourea or hydrogen sulfide, as well as cyanide salts 
and the like and are added to the fluid in amounts 
effective to preferentially inhibit molecular gas 
formation on the lattice surface during electrolysis 
Concentrations of catalytic poisons which are effective 
m electrolyte solutions are known. Components to 
enhance electrolytic activity such as lithium sulfate mav 
also be added. 

The system may further include a non-submerged 
heating or catalytic element (not shown) which can be 
heated to promote catalytic recombination of molecular 
isotopic hydrogen, such as D, (formed at the cathode) an, 
0 2 (formed at the anode) to regenerate isotopic water 
It is additionally possible to have a submerged catalyt- 
anode to serve this same purpose, particularly when the 
system is infused with deuterium gas (D 2 ) . 

As shown in Figure 1-2, the aqueous source of - 
isotopic hydrogen is in a container 14, which is 
preferably sealed, to recapture material, such as 
molecular isotopic hydrogen, which may be generated 
during electrolysis. The cathode or negative elect-ode 
m the system is formed by a metal rod 16 whose lat-ce 
is to be charged with isotopic hydroqen atoms 
indicated above, the cathode may be a block in the 
of a plate, rod, tube, rolled or planar sheet, or the'" 
like, or an electrode having a thin-film metal lattice 
as detailed in Section ID vin v 

* Aj ' U1 bc appreciated belcw, 
the shape and volume of the nth^o ^ 

^•ie cathode will determine the 
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amount of heat which can k~ ~- 

e le « ri=aa P :: en c ::^; 9enei ^ ed in the ^ « • 

„ helica! wir , le " " She " Ulthin «>• eontcinor. 
as shown. The a „o d e ~ T the neta l rod 16 

expect to pro, t a C r ° : t 9 " r " i0n ShOW *»• i. 

The anode nay be any suitab ,. char S™9 operation. 

Platinua, nickei Z ! ! inductor, such as 

w ith the u, u L M ; :: r ^ — - 

undesired reactions =°nta ln er to produce 

A charge-generator source 20 i„ .... 
connected =onvention a l ly to L l l ! U 
desired eiectroiytic delpo ! ^ I ^J"^ the 
stead, direct current (D c - J e = our be , 

alternatively, an intermittent or pulsed^ " h " 
current source. K a D * c - charge or 

The source typi ca i lv , „ . ^ 

density of at ieast 2 I V 3 CUrrent 

ieast about 1 m/cb, 1 cathode s „ r . = 

This ninimun current ievel ma v h„ • SUrface ar "- 
desired finai che.icai lll^T^T '° th ' 
•to- in the m etal lattice. fe red" " 0 

currents may be used » higher 

/ we usea and may actual iv k~ 

larger cathodes or with mo/ Preferable for 

«-«.. - ™ e :: u ;;i: t rr:; : ie r r — 

10,000 „ /CB » or higher m . ght ^ ° f *> » high as 

application,. „ the current is set t T 

the diffusion rate of i, nr „ 9h ' hoa «cr, 

-i utt.ee may b — - t h . 

system towards formation Qf „^ th. 
which lowers the efficient of k lsoto P^ hydrogen, 

1 hGat generation i n the 
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system. A stepwise electrolyte charging of the cathode, 
as illustrated in subsequent Sections, may be useful in 
avoiding the rate limiting effect particularly at 
increased current densities. 

In a charging operation to accumulate isotopic 
hydrogen atoms, the source fluid is placed into the 
container 14 to a level which submerges the electrodes, 
and the charge-generating source is initiated by being 
set to a desirable current level. The total required run 
time for a metal lattice of known dimensions can be 
generally determined from the above diffusion coefficient: 

—7 —2 

of about 10 cm for hydrogen and isotopic hydrogen in 
the metal. Typically, for a metal rod whose diameter is 
in the mm range, run times of from several hours to 
several days may be required to reach the desired 
chemical potentials. For rods whose diameters are in the 
cm range, run times of up to several months or longer may 
be required. An example for charging is to charge a 
cathode at a relatively low current level of about 64 
mA/cm 2 for about 5 diffusional relaxation times and then 
to increase the current to a level of 128, 256, 512 
mA/cm 2 or higher in order to facilitate the heat 
generating events as is suggested by Table A6-1 in 
Section III. It has been found that the charging time 
(which varies at different cathode temperatures) 
generally follows the equation: 

time = 5 (radius) 2 

diffusion coefficient 

Thus, for a 0.2 cm radius palladium rod, the time needed 
for sufficient charging to initiate . heat generation is: 
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5(0 7 r"*TH I 2 

10"' cm' sec -1 
20 days 



The charging of the metal, i.e., electrolytic 

sufficient to produce a desired level of „.», 

events within the metal a Jt e 

amount and duration of heat generated with! ^.t^ 

and, where the isotopic hydrogen is deuteriun I It 

generation of nuclear ft,=i„„ ^ uterium, by the 

and tritium. fUS1 ° n Pr0dUCtS " such - "-trons 

Preferably the metal is charged to a chemical 
potential of at i e «f a u . „ cnemical 

pressure (i bar at 273° K) i e with * Standard 
specifically, the chemical ^ en ° 

cathode metal is determined against a re ' 
the same metal e o „„,, rf . 9iUnSt a "ference wire of 

£i3-> palladium, which hae >,„ 

electronically with the same sotopic hydro 

then allowed to eguilibrate at stand" ^ TT\ 

It i« estimated that the reference wire conr ' 

C* atoms of isotopic hydrogen per me ^ o Ta^ ^ 

equilibrium. The chemical potential i, „ . 

the voltage potential mea Jed t e t e 7'"" ^ 

cathode and the equilibrated referent ^ T 

recognized by those skilled in the art that'th " 

potential expressed in eiectron voits ( v is 

.bivalent to the measured voltage poten a TTT" 

measured 0.5V generally translates to a o 5 

Potential. It win aiso be recounted * ^ ll T"' 

potontia! required to produce heat-genoraMr, 

venerating events nay 

(MTJr-Tj-rttTr , 
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depend on the metal being charged. Therefore, some 
metals, e^., zirconium, may produce such events at 
different, perhaps lower, chemical potentials. 

The electrolytic reaction steps which are 
responsible for charging a metal lattice in the system 
described above will be considered with respect to an 
alkaline solution of heavy water as a deuterium source. 
Below are shown the four reaction steps which must be 
considered when D 2 0 is reduced at the cathode: 

D 2° + e - D ads + CD" (i) 

D «d» + D 2° + e" - d 2 + od- (ii) 

D ads "* D lattice (iii) 

D ads + D ads - D 2 (iv) 

where D ads indicates adsorbed deuterium atoms, and D 
indicates deuterium diffused into the lattice. lattiCe 

At potentials more negative than +50 mV (referenced 
to a reversible hydrogen electrode) with the Pd-D lattice 
is in the beta (A) phase, deuterium is in the form of 
isotopic protons and is highly mobile. 

The overall reaction path of D, evolution consists 
dominantly of steps (i) and (ii) so that the chemical 
potential of dissolved D + is normally determined by the 
relative rates of these two steps. The establishment of 
negative overpotentials on the outgoing interface of some 
metal electrodes for hydrogen discharge at the ongoing 
interface (determined by the balance of all the- steps (i) 
to (iv)) demonstrates that the chemical potential can be 
raised to high values; chemical potentials as high as 0.5 
ev can be achieved using palladium diffusion tubes 12.0" 
eV cr higher may be achievable). 
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Figure 1-3 < s a , 
system or cell 24 havwT!" ViB " ° f *" el «ct--olytic 

prov lded with a series of hi container 26 is 

■nembranes 28 , 30 eiectrode membranes, such as 

These Cranes form\h e "e'al " ^ ""^^ " *»™ 
charged by electronic col is t0 b * 

<^ogen atoms. in I^T^^ 

nembranes are preferably =lose- D ,l T lnVenti °"- The 

"ns "a, 2 ab associated wit "" t s « h ■» 

«ssipati„ g heat generated ln th ^ ^ 

" ln the membranes. 



The membranes are joined 

the container along their top LT"" 9 Walls of 

«* thus partition the interL , ' ed ^' 

Closed compartments, such as th """"^ "to N + l 

'he left side of the container " ""ween 

the compartment 3 6 between " """" ™ 

compartment ,a between the melr " ^ 3 °' " d *>• 

« the container i„ th e fi gur e 32 - side 

A valve-controued conduit 40 ™ . 
compartment 34 , or f Uling the <° ~cates with 
Hq«id. and for remov * ' C *" bw source 
operation. A conduit ^ ^ 

— ««, source C^t^-""'"' - 
•«* chamber during operation. °» Ier =«" - 

The electrolvtir Hv,- • 
P^vided by an anode ^ " «" 

oPPO.it. end wans 0 , th T^T^ " « ^ 

charge-generator source -4 tainer ' " *>~n. and a 

.4 connecting these two 
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electrodes. The electrodes may be any suitable electrode 
material. Preferably, the anode is platinum or carbon, 
and the cathode is palladium. The charge-generator 
source is designed to produce a current between the 
electrodes of preferably between about 2 and 2000 mA/cm 2 
(total area of the membranes), as above. 

A series of limiter circuits, such as circuit 46, 
one for each pair of membranes, such as membranes 28, 30, 
function during operation of the cell to equalize the 
currents in adjacent compartments, for a purpose to be 
described. Such limiter circuits are known in bipolar 
cell stack electrolytic cell circuits. 

In operation, each compartment is filled with the 
source fluid,, such as lithium deuteroxide (LiOD) and 
ordinary water in D 2 0, and the current in the cell is 
adjusted to a suitable level. As indicated in the 
Figure, the voltage potential across the anode and 
cathode is distributed, in a series configuration, across 
each membrane, so that the left side of each membrane is 
negatively charged with respect to the immediately 
confronting anode or membrane surface, and the right side 
of each membrane is positively charged with respect to 
the immediately confronting membrane surface or cathode. 
Thus each compartment functions as an electrolytic cell 
in which the solvent source of isotopic hydrogens is 
electrolytically decomposed at one membrane surface to 
form isotopic hydrogen atoms which can then diffuse into 
that membrane. 

The electrolytic reaction steps which are 
responsible for charging a metal lattice in the stacked- 
cell system will be considered, as in the Figure 1-2 
electrolytic cell, with respect to an alkaline solution 
cf heavy water as a deuteriun source, and the four 
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(iv, 



Reaction (i) occurs . 

; embrane in «<* co„ partmenti giv r ng \ s or : ne9ative) 

to (iv) ln the m 11*° *° '-ction. 

compartment. Because D S P<=<=«= in the 

as freely mobile nuclei 1 "^" "°" 

**» an, thr oug h the Z^^^ * - -™» 
«11 (i^., to the r i gnt in th. f the "thode in the 

reach tL^"^^ ^ ^ 
reaction (iii) in tho ° f the ™e*brane, 

-ch can'thel £T" ^ »- 

to compartment. Alternatively thT^ " ^ ni5rated " 
i» the compartment, via reaction (iv, f T"* rEaC: 
«>• compartment. Tha charain ' ' '° f ° rn D i 9»« in 
-» - the pietes are ^LE"" * -ntll 

e.ai^^^ri:;" uniter - t . 

appreciated that b ra " n ^°* P ~. " «" *« 
compartment substantially eouJ ln aa « 

" one compartment and drawn throuoh tT" °- 
th. r i0 ht- adj acent compartment I7u\l 

apartment. Tnis mlnlni=es ' «*>t-. djac . nt 

- the compartments, ^ . naxinize " « ° 2 

^ reaCti °" ° f D -a s and oo- at chG f ° rn "ion or C; o 
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One advantage of the stacked plate arrangement just 
described is that the amount of o, and D, formed in the 
system is minimized since o 2 formation is substantially 
United to compartment 34 and D 2 formation is likewise 
minimized by recombining with OD" in each compartment. 
That is, the total chemical potential in the system 
which is the sum of the individual chemical potentials of 
each membrane, per amount of molecular gas formed by 
electrolysis, is increased. The efficiency of the systen 
is increased accordingly, and problems of recycling 
molecular gas are reduced. 

The stacked plate configuration also allows for a 
rather dense packing of charged plates, without the very 
long diffusion times which would be required to fully 
charge a solid block. The dense packing of charged 
plates, in turn, will result in a much higher neutron 
beam flux, as measured, for example,, at the right side 
the cell, since a large percentage of neutrons ejected 
from each internal plate will pass through the entire 
series cf plates in the cell. 

c - Charging with MpI-^i Hy dride 

Figure 1-4 illustrates schematically an alternative 
system, indicated generally at 50, for compressing 
isotopic hydrogen atoms into a metal lattice, in 
accordance with the invention. 

The metal to be charged in this system is in the 
form of an intimate mixture of the metal and a metal 
isotopic hydride, such as a fused metal isotopic hydride 
salt, or a mixture of a fused metal salt and a metal 
hydride, which provides the source of isotopic hydrogen 
atc M . Exemplary fused r .etal hydrides include Li/Na/K/D 
(deuteride), and related hydrides such as Li/Ma/D 



Exenpiary aixtures of £u 

fixtures of Li/ Na/K/C1 and Lio ^ eUteCtic 

•«* « U/K/ci and LiD or h^'^w kT miXtUr9S ' " 

r L;LH ' NaT, LiH or NaT. 

The intimate mixture, which < 
at 52 i„ Figure « shown i„ pellet £ora 

-ch as parti= les 54. " m P « ticl «. 

foliating the ,i xtur e nto a coT""' ^ 

to known Pelleti2ing methods ° «*«». form, according 

^ mt. is calcuutea o p T « to 

-cess of isotopic P^W. a sever al£ ol d 

mixture. metal atoms m the 

The mixture is sintered at 

mature. After sinteri ^ heatl ^ of the intinate 

-eriai is measured, as"^ ^ of the 

sintered material may be furth I r ! neCeSSar ^ the 
electroly tically J* Cha ^ed, e^., 

material to a dT^Z — ial in the 

Alternatively _ • ^ 

tne mixture nan k« u 

-er 5y IaS ers <not shown) und ^™ b '. h " t «« >* M gh - 
diffusion of hydrogen isotooe a( - ""^ Pr °»°te 

source into the iattice. o th the 
sP-ificany, the heat .. c TVl " ""i' 1 "' *>« 
energetic short wave suff ici " ^ t0 an 
•t«- into the ,. tal to a V° ^ ^ h ^-" 
least about 0.5 eV. within ' ln "\ ChMl «l Potential cf a . 
less. UlthlP 3 Pe "^ of nbout a wscc ^ 

p e ' ° earn technology 
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developed in connection with Inertiaf^nf inement of 
high-temperature plasmas. 

bv *h" V T ^ aPPreclate,j that ^e metal lattice formed 
by the sintering method can be prepared to contain 
se ected mole ratios of isotopic hydrogen, atoms, such as 
selected levels of deuterium and tritium atoms. 

D - Thin-Film Lattir» c 

Figures 1-5 and I-s iHustrate two types of thin- 
film metal lattice composite electrodes designed to 
support more controllable fusion reactions, in accordance 
with another aspect of the invention. The electrode 41 
illustrated in Figure !-s is produced by forming a metal 
lattice, thin-fnm 43 on an electrode substrate 45, such 
as carbon. 

In one embodiment, the substrate 4 5 may be an 
"inactive.' material which itself cannot be charged with 
isotopic hydrogen atoms to a level which supports nuclei 
fusion events. i6u - 

Alternatively, the substrate 45 may be a material 
capable of supporting fusion reactions when charged with 
isotopic hydrogen atoms, as above, one advance of th«. 
configuration is that the surface properties of"t he 
substrate material can be largely masked in such a 
composite structure. For example, the substrate 4 5 nav 
be a platinum metal lattice which is coated with a thi 
palladium film 43. Here the oall.Hi, • 

Palladium is effective both 
to promote surface adsorption and diffusion of isotopic 
hydro,™ atoms into the electrode film 43, and to prLer- 
catalytic formation of hydrogon gas „ t P ^ 

interface 44. H ™ n 
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In the embodiment in , w- ~" 
the film are i,^'"* 11 * substrate and 

to produce b ^: h ii"ii n f ar5et 1 with isot ° pic 

substrate material is prefe 9 ra n "" ln » -actions, the 
because of its leve , ' reteIab ^ °ne which, either 

"flytlc properties °* " PUrlti - « it. surface 
Q , ^ FBCCles » cannot by it«soi^ , 

•l~troUrtic.li, with hydrogen iso* """^ Char « ad 

substrate Metals include pauLi, ' ' tOM - 

iridium. osmium, nickei e «*odi«. ruthenium 

titanium, platinum k . . alt ' lron - zirconium, 

«*-ise the t hln « n T' <""•<*• 

^uxn tiim metal simii^i 

support energy or neutro„- P rod U c ^ y " 0 ™ ^ 
Elected chemical potential T, reaC "° ns ' « a 
allow the me tal to be charaed 

"lm -als include t^^^i?:,, '""^ 

.ncluding palladium, rhodium Vutte' 

cobalt, iron, lireo 'l J"**"""' ° saiu »- 
■"or- thereof, most prefix ."i"'^ 
ruthenium, iridium, and zirconium 

The -thin-film may be fn,™ ^ . 

^ — tion lethod " c u^I ^ °' k "°™ 
evaporation, and chemical vapor de' SPU "«"9. 
tbe deposition conditions arT V ^ Tv Pi«Uv, 

of between about 50-500 A in £ 3 f "» 

films may be suitable. ni <*ness, although thicker 

In one thin- film nethod 
«* in a dosed chamber by Dc 1 P ° Sltl °" is "rried 
sputtering, at a selected^™"" *' 
*■«• ™e gas pressure in the Z °J 
"otoplc hydrogen ato»s in the th ■ ^ " Sel ° Ct0<i 
example, the sputter^ ^Z^T 
deuterium/tritium atmosphere to » ° Ut " a 

» d«ir.d concentration ot '° Se6d " la ttice with 

° f ectopic hydrogen. 



-33- 



sd 
ed 



The composite elert-tr»H a — 

e:ec trolytic cell , s i e r r; e :: r y ib b e v n h pioyed in an 

-lid aetal lattice cathod ^ Z^ll*™- " PLC. of a 
i. chared electrochemical^ to a h thX! " U1 " 
-«icient to promote a fusion rea ctZ Cal P ° te " tial 
prefer a bl y with continued supply re o a £ Ctl0n " " **°ve, 

PPly of electrolytic current. 

one advantage of the thin-fl,„ , 
substrate is inactive is th ele «"«ie, where the 

Production which is possible^ s^ J™ 
-PPorts fusion reactions can J '7" " ln Whi *> 
Widely to a desired leva! and J relat ««y 
emended relativeiy quicky ZlTlnT^ ^ * 
dissipation fro, the thin fullj* 9 ' A1 "^? 
controlled by f luid fiou ± " be accurately 
example. through ^jj-iffl!*"* with the film. £or 

*^TLi 1 r.^ i ; t -^ 1 *' ,1 ' Ctod « « Produced by 
tubular substrate si Th f " °" a Stable 
-bstrate, such as a 'carbln'f ^ " lMCti ™ 

itself be formed of a material ' " alte ™""ely aay 
or supporting fusion reactions H " ^* 

»ydro,e„ atoms, as above " " lth "°*°Pic 

In =till another embodiment rh» u 
a material, such as tungsten "hi h " 51 b * 

absorb gamma ra y s or other rid atl " '"'^ *° 
tMn-film. with th . products " tarr" ^ ^ 
« odiment, the energy produced ./^^ " thi = 

fluid flow. " by internal and external 

l " stiU another embodiment m,. - 
sheeted materia: whose a tc " ' SUbSt " te «Y be a 

bombardment with high ona~7" tranSaut - b >' 

■ -,y gamma rays, neutrons, e cr > 



\ 
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1 V\ 

Particles produced by the . . 

^ a subst ra y te : ay re :: tiq ^ ents m the thin 

Produc. selected metal iso L "^'^ to 

as a semiconductor s^ " ^ ^ 3 «*»trat. 
atopic dop ants . -*strate, with selected ' 



In accord anc7~^Ta^^^ 
invention tho another aspect ofthT^ 

the apparatus inclurt- Present 
charged metal l**-*- lnc ludes means f or exHf 

wecaj. lattice wit-h k,- >_ exc iting ths 

The exc iHn„ h hl 9h energy ravc « 

exciting means may include: y ° r part ^le S , 

(a) incorporation of M „< • 

neutrons) into tho ^ P capturing 

• tne metal lat-+-,-„ 

(") incorporation of radioi lattl «-- 

source of isot r P " " t °" " th. 

f » Nation „ f a t h \ „ T *>* ro * m > 

3 tnin metal I**-*-*; 
» aioisotopicsubstrate / Uttacon. ■■ 

(d) inc °rp°r a tion of a rarti • 

f , Lttic. ^oLl 1S ° tOPiC a 

< e ) Placement of a ^n, 

— e mi tte °c r:: e tr 5h - ener - ^ « 

"ithln the core of the £tt SUCh « 

< f > generation of neutron ' 

^corporation ^ ^"^ 

l»tice, an d/or the a' n '° r the 

«> ■ r — of cptti: :t 

1Le and/or the lco the 

"» bomtard^nt of the ^^"" -"bstrate; or 

-er gy particle g ^ a hi gh - 

a -utron or pocitron sue, ag 

deuteron acce ierator _ ' ° r a Proton cr 

In one embodiment, the i,**. ■ 
atoms, such as 6 V 106 tlCe Conta ins radio-,^ 

a ..1 , 
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210, 



V "8 2 

' c *n, or 



lattice f i 3 " capturL 0 °" Iard, » e '" with 

p»a«c^ „: ut r Bpi *' "y «nt ain p • ». 

which r " hen b ° nb ™°< »itT a i7' " hlCh 

' nich Produces a i nK h al Pha partieio- 

"""•l neutrons, M«i«es when J^*"' ,° r 

-bci-nt, the C h^^ tt n ~ to »»- another 
"'"isctopic « - is placed 

"«*»".. Protons 13 Wi th hL an ° ther 

— y ~ :s r as a external 

This sectio 

'•««.«„, events %?J**' heat 

-thc dic L PreSent in *«tio„ v ere ba r f0r - d ln 

1C red »cti on of d o fro „ , . based <"> the i 

= :rr: • The deut — about °- s « 

y --Pes of ob 2e --^ ; es cribed above t K 
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low =urr en t a d l0rinetriC M — ent = of heat baiances at 

■low current densitioc » -2 

"cnbxties (<1.6mA cm werf> Tnarq« „ * 

Oewar cells maintained in a large constant t " 
water bath (300° K ) tho * c °nstant temperature 

' the tei "Perature inside the cell 3t ,h 
of the water bahh . ceil and 

^er bath being monitored with Beckmann 
thermometers Th„ v,« ^ IIldnn 
erers. The heavy water equivalent fHWFi 
Dewar cell and contents and the rate If I 
cooling losses were Newton's law of 

9 sses were determined by addition of hot D o and 
by following the cooling curves. 2 

(2) Calorimetric measurements at high curr.n, 
densities were carried out using ! 2 a nl\ ! 
v n n , 1A y and 4 nun diamptor 

x 10 cm ion, rods (obtained from Johnson-Matthey 
surrounded by a piatinum wire anode wound on » 
class rods. The De „ar ceils were fitted with °' 
paters f or determination of Hewton" ^ w c "l""" 
losses; temperatures were measured usi„ g cali ' 
thermistors, stirrin, in these experiment a " 
-listed under 1, was achieved by g as spa r"L " 
electrolyticaily oenerated o/ In lona t 
it has been confirmed that t e r e Zl^^* ' 
to the cells retired to maintain oo„ a ^ 
that required if reactions (i, " " 

» above, are nearly balanced by '^j. < — 

IOC" - 2Dj o + o 2 + <e- (v) . . 

Platinum-anode shows ^ ^ £ . 
the dominant process, i e it . * °' ^ °'° 15 

-«in 9 is close to tnatrea. r ^ 
- oontroiied by_ Proc esses (iK 



:ram 



nd 



this assumption, it has been found that th , • 

a ™ t density ^oTZlT^ 1 is charged " 

— e"el 9h ;; th T ent denSitiES ° f cm- and ,« 

excess entha lpy generation of > 9t and > 25 * of the 
"te of 3 ou le heating was observed (thes* values T 
anoyance of about 4% for the ^ ^ "*« » 

alone, . This excess enthalpy production was found , k 
reproducible in three sets of i . "as found to be 
ets of lon ° term measurements. 

whicH 13 " 6 bel ° U Sh °" S thS latti « bating effects 
Vrtuch were seen with a variety of cathode geoLtrLs 
sizes and current densities. The excess spe'Lc heat ' 
rate was calculated t-v, ^ Ulc heating 

o^matea as the amount of h^t- 

-e j0 u le -heat input used in charging tt ! e ^ ^ 

loule-heat input 0, also referred to herein^ the 

»eat eguivalent, was deterged by the eouaUon ^ 

J = I (V-1.54 volts) 

where I is th, cell current, v, the voltage across the 
tetrodes, and i.5< volts is the voltage at which 
reasons <i>, and bala ' 

are thernoneutral, i e th „ reaction ( V) 

„ ■»>. • LlS- ' the v °ltage where the cell 

ne.ther absorbs nor gives out heat. The excess • 
heat values are evDre^.n excess specific 

wtts/ca'. 33 GXCBSS SPeC " ic h -t rate in 
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Electrode ^ 
5Typ e ^-fectrode 



T ABLE M 



Dimensions ?I£? en £ Excess 

; Specific 
Heat Rate 

rod , (warty 

rod -lxiocin 



8 



rod -Ixiocm fiA .095 

l. 01 



IxiOcm 

512 



rod 8-33 



rod , ? xl0cin 
rod 



2xi0cm * .115 

2x10cm 1.57 
rod 9 -61 



rod -4x10cm 

rod -4x10cm .122 

-4xi0cm 5 l 2 1.39 

sheet „ 21.4 
sheet -2x8x8cm 

sheet -2x8x8cm 8 0 

•2x8x8cm .0021 

cube , 3 * .0061 

1 cm 



8 



125 



overheating 



The parameters which affect enth»i„- w 
production in the ™ enthalpic heat 

m the compressed lattice an n «.u 
magnitude of the effects can k ' natUre an ^ 

f ouow ing observations 0 ;::;;:™t:j r ™ the 

(a) excess enthalpy heat generation 
Produced in the lattice !ess the "12 ! ' 
required to charge the lattice and j!**" eqUiVa1 ^ 
in a charged condition) is mar , "' aintain th = lattice 
applied current densit! « ^ ««P«d.„t on the 
the che-ical potential, anf 11 ° f ahift , a 

of the electrodes. i.J " P ' OP ° rtl, »» 1 *• the vc lu »e 

in the b ul,. of the ^iectLrs ^ "« —in, 

(b) enthalpy qener-it-i«„ 

th. palladium electrod! ^ " of 

- this is maintained for 



~c was liberated 



experiment times in excess of nn v, - 
typicallv h*** • hour^during which 

typically heat m excess of 4 MJ/cm 3 , ^ 

wa s -mk^^ Mj/Cln of electrode volume 



r:: :::: i— : - 

ti) the effects have been determined using DO with 
amounts ,0.5-5*, ordinary water. Projection It 

' d^ :::r research) mi9ht th — - -w- *□ 

yield thermal excesses in the range 10 » - aoH (eve „ 

eLtn/L"" T^^" > — —Py releases 

the : " i„r; re ™ here that — 

• - experiment reported in the 

tabie using 0,0 alone, a substantial portion of the 
cathode fused pelting p oint lS54 ., , indicati „ g 
high reaction temperatures can be achieved. 

One possible explanation for the generation of 
excess enthalpic heat seen in the charged lattice would 
involve reactions between compressed nuclei 
1 ttice As noted above, isotopic hydrogen nuclei 
absolved in a metal lattice in accordance with the 
invention are highly compressed and mobile, m spite „, 
this high compression, molecular isotopic hyd o Z ? 
0 is not formed, due to the low s-electron charaLrt ' 
the electronic wavef unctions. The lo w-s character 
however combined with the high compression and mo^litv 
of the dissolved species ^nnr,*,.*. uc i 

' su ^ est s the possibility for 
significant number of cIosp ™n ■ • . 7 ° r 3 

, IOSG c °llisions between the 

dissolved nuclei. it i- * 

J-^ io therefore plausible to m „,i, 
. that some of these collision- n^n consider 

visions produce reactions between 
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nuclei 
may 



•ei. Three possible reactions, ai nong others which 
occur in the* ^ , y ut,(iers / which 

the case of deuterium isotopic hydrogen m 



(vi) 



2 D + | D _ 3 T(101MeV) + H(3 ()2Mev) 

^ + 2D D :L He(o - 82Mev) (vii, 

He + gamma (24 MeV) , . . . 



These reactions would be readily h *. 
Production of tritium m ^ by the 

neutrons (n) and g^Vr^s " ™ 

was " tritium (T) 

-afilm, containing _ iit^ 

electrodes, one mr , Palladium red 

•^en P ht halat I. ^ ^ ™ P-ssiu. 
usin, Ready - Gel liguid scin J,, a °^ d ««*inea 

Bec taann LS5000TD : oun j n c ;- ; r™-"- • 

efficiency was determined to £ 9 
standard sample s of T cont appr °— tely 45* usi, g 

pies of T-containing solutions. 

the T T"" SXPeri! " ents ' »«=»»tard additions of i« - 
the electroiyte were made folding sanpUno °* ^ ° £ 

° 2 ° due to eiectroiysis in these aid al «? ot £"*' °< 

experiments recorded here were mad e up J n " 
-ecord of the TOlume of v addition's J ^ 

the experiments, m all of tho . '° r a11 

aij. of the experiments -»n 
connections were sealed. 11 

The tritium measurements show that DTo , " 
m the charged palladium cells to the ex^t 
dpm/ml of electrolyte; Figure ^ wh , ' ° f ab ° Ut 100 

scintillation spectrum o a y ] ^ ^ 
-onstrates that the species ls i 0 '^' 
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Figure 1-9 is a schematic view fl f .1. f • 
generator apparatus 32 constru JT eleCtriCal 
«bodl«t of the invLtL Th ^ ^ 

includes a reactor 34 1 W^atus generally 

ieacror 34 which generate • 
with the principles of *h. • nerates he ^t m accordance 
vhich transforms heat lnVention ' «* a generator 35 

a s h uL a ":^Lr ClUdeS " » enciosed ia 

: e 0 : h or:i::: s . n r rons shiewin - — « 

pressure operation to aL„ " 2 t ^ 
reactor substantial above » 0 " ^ " * ^ 

The reactor chamber houses one or more cat.„, 
rods, such as rod 40, „ hich serve as " " 
be charoed with isotopic hy dr og en "J^ ^ *° 
»ith the principle of the invent a «°rdance 
r the properties ~* —re 

T Me for a re,^ ImaU^ ^ ~" " 
rods are severai cm or iaroer in diameter Dl , " *"* 
rods is preferred, due to the io „ g period JT * 

required for diffusion into a iaroe-dLl ^ ** 

M+. « . Attxge diameter rod 

Alternatively, the c -,fh^„ , 

y, tne cathode may be a sheet in a m ... 
spiral form. An anode 41 is fnT - H Pleated or 

e 41 is rormed on thp 
surface, as shown. ° Ut ° r cna ^r 

The reactor chamber is fin ed with 
-topic hy dro,en atoms, such as Uc^^'' 

SUBSTITUTE SH££f 



\ 



j » -42- 



water, as sho „„ Jn ^ 

decomposition o£ the source and Ele «rolyti= 
Atopic hydrogen atons ' ""sequent diffusion of 

«~ * . charge-gener^ oLT" ' " 

above. The cathode, ano de .„„ ! d «ailed 
«e also referred to herein eourZ'"'"" ^ 
Producing diffusion o, isotopic hy d ro " mMnS 
into the lattice of the meta^ ydr ° 9en £ro * the source 
electrolytic Means. ' CaW >° de <*». «d as 

The generator in t-ho =.„ 

~ ge svste, < 6 zztj^ . — 

"Uid through a conduit ,8 i«o the """^ 

heated within the reactor t " " Uid 

the generator, for steam generation Sh ° Wn) " lthi " 

steam turbine i n the gensrator by a c ™ventional 

the charged metal catlap I n th ln 
utilized, via heat exrtan ' the react ° r thus 
aerator, to ^TZ^^^ « - 
generation. Aithough not shoun th ! 

connected to source 44 , generator may be 

electricity generated in Z a P°»ion of the 

" °P e «t i0 n of the apparatus to 

The generator may also in 
circulation system for sup plvin(5 r ««or-f lui d 
reactor, and for removing^""" to the i 

tritium. 9 aCt ° r byproducts, including V 

It will be appreciated that . h 
alternative!, be designed for op ^~ C ^ ^ 
of several hundred degrees C o h" tGR1 P*ratur 
efficient conversion of lattice he^' ^ Pr ° dUCe mo: 
steam turbine. such a rea t ^ lnt ° Stean ' in a 

neta^fused deuteride ^ ZtT^ZlT^ a 

heating to produce isotopic hydrogen torn 

effusion into 

SUSSTiTUTS SHEET 
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aatal partislaa, as dascribad hirilA. T ha resulting 

rapidly haatad partiola aasa oould b* ooolad, fo- 

axaapla, by circulating lithiua or tha Uka, according to 
fcnown raactor dasigna. 

7roa tha foragoing, it can ba appraoiatsd how the 
ganarator apparatus aaats varioua objaoti of tha 
invantion. Tha apparatu* utilisaa dautariua, a virtually 
inaxhauatibla aourca of an.rgy, to produca haat, and tha 
products of tha raactiar. — tritiua and praauaably 
isotopaa of Ha — are aithar ihort-livad (tritiua) or 
ralativaly banign (haliua) . yurthar, tha apparatus can 
b« conitructad on a aaall .oala, auitabla, for axaapla, 
for a pdrtabla ganarator. 

H. Riagfrm- Prod^m-^ Sneaviry 

Tha haat-ganerating raaotiona which occur in a aatal 
lattica chargad with dautariua oan ba eharactarisad by* 
tritiua production. Tritiua can b« fcraad in tha reactor 
aithar aa tritiatad haavy watar (DTO) or, by alactrolysia 
of dto, as tritiatad dautariua gaa (dt) . Whara tha 
reactor aourca also contain* ordinary watar, additional 
tritiatad apaciaa HTO and HT gas aay alao b. foraad. 
Sinoa tha aaount of tritiua in tha raaotor will build up 
ovar tiaa, tha raaotor ia praf arably providad with an 
extraction ayataa for raaoving tritiua and maintaining 
tha tritiua lavala in tha raaotcr within praaalactad" 
lavala. 

Tigura 1-10 ia a achoaatio viaw of an attraction 
«yataa 160 daaignad for raaoving tritiua froa both 
raaotor vatar and g.a ganaratad within tha raactor -a 
••yttaa ia daaignad to oarry out two a.parata prooaaaaai' 
ona which tranafan tritiua in tha raactor aourca to 
dautariua. or hydrogan gai, and tha aacond to aapa~a*ad 
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'r topi - h — 



llation. ' MiU9en 9 a -? myogenic 

-PPUed through .. conduit 164 **» th ' "actor cell is 
from the ceil * 4 vn i=h in turn 

Cel1 to the catalytic bed. *"PPlied 

The «ater fron the 

—act » ith . deuteriun ~ u ^ in direct 

circulation through the bid Th * " " Unt — '-rent 
»ay applied from a gas-distn, «" »rean 

" as described be lo„ ln """^ Mlu ™ "« "hi* 

intercurrent flow over ^ Oration. The 

™««°n: catalytic bed promotes the 



DTO -+D' ca talyst ^ 

2 * D 2° + DT. 



The water, yhioh < 
- «- "actor cel^ * re,„ed 

operation „f li,uid- phase * t '.*** 168 ' ™e design ■„„ 
-"able for use in change systems 

described in prior p ub li C at lon °" 

Alternativelv f>, 

nguid-pha S e c OU nti: r ;: n T:: ic bed may - — - 

*»- -thods. „e re th^L ° n ' *> 

vaporized and superheated th * ^ " a «°r is 
hydrophobic catalytic b h ° Ver «» 

-"t-riu. gas s trL " Count «~" rent to the 

c ° tfte reactor. 



u 



aried'LVp" "L7 IT' ™ °' tt ^«»« •*« i. 

cryogenic distillatio! T"" thr ° U9h 3 tUb * 170 « 

^^tiiiati on column ifi* 

The coluan contains sui2 " ^ th» ugh a p<mp 1H 

170 • "^illation i. carried Lt at 11' 11 " =irCUlt 
° 3 which is concentrated at the t?J?£ 1 b3r - 
which is partiaHy ^ « «» co luan , and 

th. cataXytic bed through . e^™; - 

as indicated. 

"qui. h ei iu „ circuit 178 _ The n ^' wh a " a h c °° led * 

the upper portion of DT concentrates at 

converter 18c. to obtain T a CC o T * ^ th " u ' h * 

T„ according to the reaction: 



lower end. The T is wi^ T * 3t the 

i 2 is withdrawn periodic *i 1,, 

"ther in a gas container such J " "* St ° red 
-t.1 tritide. The svsJ™ ""tamer 182, or as a 

. system is capable of 

trxtiu. to about 98 ,ole percent purity 

It will be appreciated that where th. . 
contains ordinary water, h and np • rea <=tor water 

- in ^r^™^^^ -so 

-h o,. This ,as „ay he separate.^::?"; e ;;r: 9e 
the cryogenic distillation colums ana " 
<*. e.g., by combustion „ lth 0 ,. "" U » dis <>°««> 

The above described system is designed to r 
tritium fron the reactor water , < ""° Ve 

water. As noted above, the 
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: 1 

electronic compression proces -- ' ^ 

3lSO derates molecular i soto * °° curri "9 in the reactc; 
« ^ed by eiectro^tic die! e.g.. 0 2 and " 

reconverted to water, by catalvt ™ S 9 " ~* b ° 
reactor. as noted abov / C " t » 1 "« =o»bu S tion vithin 



Alternativelv • 
-y ^Purified ,1'^ t^f : ti0 "' "» gases 
Ascribed above, by intrl! extra «ion system 
«~tly into the cry ogen t ""7" 

-a a v al ved y c :L t tr n la :r n coi ™ s * «- 

extraction system. he tritium- 

The gas is separated in the . 
systen, „ ith separated "iumn distiUation 

tritium exchenge ' 'r '° ^ "'^^ 

keratin, Djand Tj _ J w ater , and ^ ^ 

From the foregoing, it can h 
various a dditional Matures of th! aPP " cl «^ "ov 

heat-generating reactL are met. 

the reactor generate tritium . la "ice o- 

u «"*ed as a source „ ' itSelf <*i be 

this type a „H ""topic hydrogen in a r 

7Pe - and «n also be readii,, • reactcr of 

'« other .purposes, such as a v in Pu " *orn 

diagnostic uses. 3 Va " etv '<*' ™edic al and 

(incorporated by Reference, . 
>• "Technology Assessaent Report on st 
"• S - Md Internationa! Quest for t St ^°"or: Tne 
ingress, office of Iec ' " FUSlon a>«W. us 

Congress. T ^°logy Assessment, looth 



and i r n ; i M "" a1, ' edS ' " Metal Vols 
and II, Elsevier, NY (1985). 

4. Veziroglu, T. »., ed., -Metal-Hydrogen System" 
Fergamon Press, NY (1982). 

Cne n D *Tr 1 ' B " rleischm -"- J- Blectroana- 

Chem. , 39:323 (1972) . 



_SECTION TT 

Hebron Gyration , rr ,,_^. 



According to one aspect of the invention - has 
been discovered that isotopic hydrogen ato.s. such as 
deutenu, ato»s, when diffused into the lattice of Lta! 
which are capable of dissolving hydrogen, can achieve a 
expression and mobility in the lattice which is 
sufficient to produce neutron-generating events. Th e 
neutron-generating events are also characterized bv 
extra-enthalpic heat generation; that is, the a.cunt o- 
heat generated in the lattice is substantially greater' 
than the joule-heat eguivaXent used to charge the lat ., e 
to a che„cal potential at which the neutron-generati-7' 
events occur. Section !, as previously noted, desert 
natonals and conditions suitable for achieving the 
required conditions f^r- 4-v,„ „ 

" J f ~ r the ^utron-generation events 
withi-n a metal lattice. 



::::::i d a b : e ::; 0 :r — - 

«««• i„ a varl o neutr e " tr ° n «»■« thi. bea, is 

desi - - — :r:i:;;r :~ 



As noted above 

« t*e invention. u £ to inportant aspect 

lattice c ha r g ed vlth h ha d S ro b " dlSC ° ve " d "at a ,. til 

— lal « at le :; t t::n r:r pe - • — 

generating events „ hich ar= ' pr °" , ° t e= neutron- 

of hi g h-ener gy neutrons * th * Action 

One explanation fnr *k 
P^-ed in the „et al lat of neutrons 
* the PossibUity of re^tlonl^t.:: ^ Ch "*«» 

—Mn the lattic .. As noted : bo b : -; n d - pressed ^ 

nucle, dissoived in . netal *' ^« i-otopic 

Potential aDO ve about c.5 eV MoM ' 
mobiie. In spite a - e hl 9hly confessed and 

"»*..d». to the JT T 0, is not 

electronic vv.^^ ^.7 « ^ 

combined with the hi s h co.pressioTof 
=Pe=;es, suggests the Dossibn . " ° f 

number of close coHisions b* e n e V"" 1 " 0 "' 

« i» therefore pla usib le to consL .s ^^ ™ Clei - 
produce roactions H - ^ « -at so„e 

reactions „ hlch mlght be J"" Two 

containing ar „„ . ln tho lattice 

9 predon "«tly deuterium nuc lei aro: 

0 Td.OlMeV) + H (3 .02MeV) 



2 2 "U.U^MGV) 

°~ HC0 ' 8 ^V, + n(2.45MeV, 



(v) 
(vi) 
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These reactions would account f or^the generation of 
tntiua ( 3 H) and neutrons (n) in the metal. 

To measure neutron generation in a charged metal 
lattice, the neutron flux from a 1mm diameter x 10cm lona 
palladium rod cathode was measured using an Harwell 
Neutron Dose Equivalent Monitor, Type 95/0949-5. The 
counting efficiency of this Bonner-sphere type instrument 
for 2.5 Hev neutrons was estimated to be about 2.4 x 10" 

. Further, the collection efficiency of the 
spectrometer for the cell geometry used is very F cor 
Nonetheless, these experiments monitored neutron 
generation levels severalfold above background at the 
monitoring electrode. 

Several basic heat generation experiments were 
performed to^ demonstrate that the neutron-generating 
events occurring in a charge metal lattice also involve 
the production of excess enthalpic heat, :Le. , heat in 
excess of the joule-heat equivalent energy used in 
charging the metal lattice.- The experiments were based 
on the cathodic reduction of D 2 0 from liquid phase at 
near room temperature using current densities between 
about 0.3 and up to 70 mA/cm 2 . The deuterium atoms were 
compressed into sheet and rod samples of palladium metal 
from 0.1M LiOD in 99.51 D 2 0 + 0.5%H 2 O solutions. 
Electrode potentials were measured with respect to a Pd- 
D reference electrode charged to phase equilibrium, as 
described above. 



Applications 



Neutron-Bean ^operator 



Figure II-5 is a schematic vie; 



generator 60 constructed according to the invention. T > 



w °* a neutrcn-bear. 



''t-T/lsyi)/ui3: 

-so- ■' \\ 



generator includes a starv „ ' — ' " 

generates neutrons I„ .rT^ '"^ 62 " hic * 

Mention, an "c 1 ^ « 

— on S Produced in :::^to r r t ? f hich coiiimates 

indicated at 61. t0 fonn a neutron bean 

Where the source of < „ «. . 
'euteriu* and tritium .^^^W^*" ^Jds bet, 
be expected in the l a ttice , " aCti ° n " hl " w»M 



be expected in the lattice L : 
2 f * 3 T - 3 He(o.82MeV) + „ (17 . 58 HeV) 



(vii) 



which would yield neutrons with an 

the 17.5 Mev range. dist ributicn ia 

The collimator iliu^*^ ■ 
«ver g e nt collet !^ 6 " Fi9UrS "" 5 * 

r5y „ the raal e i tron °;r;rr n9 a bea * « 

"actor are ther„ali 2 ed before reac h ^ the 

compter). An uostrea., cm ■ " 9 * " ithin «>• 

« cast or „c U „ ea """"^ ~«ion BO i, ;=r3ed 

C.C is used tc contro! « ° f boral 

barrel is i ined uith J The interior of the 

«. ^ally iess than^ 1 : ic °[ ^ ~ 
theraa! neutrons, a material e^tiv^ " 9 " n """"9 

neutrons. such as a polysthylane ^ ^"^"^ the 
be interposed between the reac, Sh ° Wn) ' aa V 

b-sed within the collier ' OU1 "'« =r 

A downstream collimt-n*. 
"«-in-» or the Ufce a aT"" " ^ £ "- d « 

- » i. a shaded alter :iLT 9 ? etUeCn " 
removable flUer „ such ^ 92 c °ntainin, a 

"Iter, for filtorina a T " * no " oc rystal 
-coring oan.ua rays f rt ., ,. h „ 

y iroa the neutron beaa. 
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C o 0l T coUimator and «y be submerged in B 

pool whose cement wall is indicates at 96 T h! , 

as a neutron shield. e pco1 acts 

IhermaT^^ 6 " refere "" s ' «* "Collimators tor 

Thermal Neutron Radiography" MarXgraf, ed. d. JZl Pub 

Co., Boston MA fiQD7\ ^ . L iuei ^us. 

^' (1987), describe further Hof a n 

construction of neutron-beam collimators The » 
in the apparatus is „i.„ . llnal:ors - The collimator 

1S ° " f «»- *» ^rein as collator 

neutron h" ^ aPPreCUted fr ™ «*• foregoing how the 
neutron-beam generator meets various objects of the 
invention. The source of neutrons in t h 

=i»ple and inexpensive, reguirL ^""^ ** 

„„i„ . , - reqmring, in one embodiment 

only an electrolytic system for slow charging of a -It,, 
lattice with isotopic hydrogen atoms. unli*I 
conventional radio-isotope sources of neutrons 

avoided. Polonium or radium are 

Although the system has a limited neutron flux 
output when compared with a nuclear reactor or particle 
aerator, the neutron output can be selectively 
-creased, for example, by increasing the number nd/cr 
thicKness and/or chemical potential of the metal 
; 3 rea «° r - F — • "e energy distribute o 

aD ^ -actively , varied fron low-Ine 1 

rna neutrons «or even cold „ eotrons) crcduced £^ 
thermali.in, the beam, according to conventional j tad , 

TCT " 5 ^ reactor d" 

"•5 -Mev for a meta! lattice charged with a mixt-e e- 
deuterium and tritium atoms. 



B. 



o 



exposing the material to » „ Produced bv 

important »aterial-rel a ° d " The 

the cross-section a ^-- in radio sraFhy is 

probability that an atom „ iu dMcrib « the 

b 7 p-3 ing through t h e mater :r ra in t? h the radiaticn 

radiography, the cross-secti ° f x -™ v 

increase with increasing ° elements generally 

ocular weight ato^s 's ^ ^ " h ^ 
Shielding against penetration by ^'^^ """^ 

Particular, is relatively high , S126 ' ^ in 

^rogen, lithiun , ^ f ^ ~ such as 

*« elements such as aluminum, sui tU r "^"^ 

- d .o X y,en ,,, eu tron Kadiative CaptrV^h ' 

««•. Pergamon Press, Ne „ y ork ' Chr " n ' 

"diography thus provides a Z " mtI ° n 

*» presence of the high ' ""^ £ " Meeting 

«»»". in a lo„e r o I sIcT^"^ • 1 -" t '' ««» 

*- of a iHr^jr 1 : 1 - or conve — 

«rbon, in a higher cross ! ""erial, such as 

sner cross-section material. 

figure u- 6 , 

d -i 9 ned for neutron ral r"^ ^ " 100 

Wment o f the "v« t aCC ° rdln ' to 

uue invention. Tho 

includes a charged-neta i " ap P^atus generally 

nGtal reactor lc f„- , 
-orgy neutrons, a coUinator 104 L ! n ^ ^ 
neutrons into a „ eu . rr „ . for "Uimating 

-toctor chamber inZTj-'"^'" " ^ ^ > 
-torial UO ta.es placo rMlC,raPhy ° f » 



ea ln section HA above. Where, as i n 

tnermal T' " eUtron «««r i= in the 

thermal-neutron energy range , the „ eutrons 

thermalized within the collimator, or prior to ent» ■ 
the collimator by convention,, entering 
"-rooah , , convent «nal means, such as passage 

trough a polyethylene block. 

The sample chamber in the apparatus includes 
suable support means (not shown) for supporting the 
sample or target material in a position in which the bea, 
is directed onto the sample. Al .„ included in ^ 
chamber as a film plate 112 on which the radiograohic 
image o£ the sample is recorded an* , ""'"P"" 
which film-sensitive particles eg «« f«= 

emitted when the converte Til f ac f [' s 

converter is preferably placed 11 ~ llZlTZ^ 
the film and is fnrmoH ^ • "<-ai_ t witn 

na formed of a thin gadolinium fii a or the 
like capable of eraittina fiir, o 

ang fUra-sensitive particles in 
response to neutron bombardment. The film and " 

- „ A1AC -L-Lxin ana converter 

ere also referred to herein collectively as recording 
-ans. The reader is referred, for example Z IT2 „ 

yan ..„athematic= and Physics of ^tro'n 
D. Rexdel PubUshin, Co.. Boston. Massachusetts \JJ ' 
for . discussion of various types of recorder mean 
employed m neutron radiography. 



the 
as 




-chof„ld, ed. , Th e mstitute of Physics, London , 
E " , and (19S3 '' -"iculariy for structural ana!v i 

;i K ' V V eViCK ' Ce " miC electronic' devices 

»=ha„«al assembiies. an d aircraft turbine Mades 
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Neutron diff racti 
Potions and motions ™ ^° Vides "Nation about the 
crystalline material as dJ ^ Crmalli « or seai- 
"—s in a bea n by -tterin g of 

The method diff ers £roB ^ ln 3 SM, P le material. 

crystallo g rap hy tech niques " l"? 0 " 0 " « 
centers of the x-ray beam " T sc «terin g 
«» neutron bea n d^"^^" Because 
nuclei, several types of SCatte «na events involving 

- - - — 

Flrst ' since the scattering 
« -t dependent on atomic ^S^"— "«» «* -lei 
(see above, , the nuclear densltv * Syste *"ic »ay 

£ ™ «» ««raction pattern ca " =°"«ru=ted 

ato, sites, as hydro g e„-a tom " " ^ li '* t « 

- electron density na p. WhiCh a " —tad in 

Secondly, the method is abl* » 
Realize isotopic ato* sites hi and 
Efferent isotopes o f the sal « ^ " UCl ' 1 «* 

differently. ^ ^ -atter neutrons 

-f«I for crystallography analysis o?""™ 1 "^ 
specie isotope substitutions have h " ^ 

—PI., the analysis of the t„ "^^ F « 

of co np i ex .acrcolecuies such " """^""al structure 
simplified by substitution of, Pr ° teinS ' 
-iected aaino acid S1 t s to ^ "* at 

these sites in th „• Pinpoint the locate 

S ln the diffraction pattern. Mtl ° n °f 

cne at °" with that of ft, nagnetic 

neUtr °"- This allocs 
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investigation of the magnetic structurW- * 
responsible for inters • rructu *^hich are 

sample, such as flrl * ™ 9 " ,tlc Arties of . 

heli^netL -ti-f erromagnetism, and 

Figure H-7 is a scnen , atic 

single-crystal aonocnr„ n ator us The L \ ° nt ° 3 

crystal functions to reflect th """^hrcmator 

»-^««^.^^^ r hhave a 

reflected output bea m having . selected """"^ 8 

energies. T „e construction of t h e re act ^ *" " eUtr ° n 

have been described above T L 1, COlli ""- 

assigned to produce a narrow^a ' ""^ 

about +/- 0.5. degrees. £i3 " " lthin 

The monochronatized bean is directed „„.- 
material 130 t,™*,,,. • "recced onto a sample 

« v-ous ITT 
crystalline structure s m a< - • 

sample, as outline, h ° C °^° Si ^ of the 

scatter^ . * The ^tribution of the 

scattered neutrons is measured bv a - ■ 

detector means 132 desiane/! rot atm g detector or 

1W ae signed to measure neutron k 
intensity over a large scattering 

neutron detector is preferably a cyllnlric , ^ 
filled with BF 3 gas. according" to c^^f™'" 
detector construction (Bacon, c. e ■ I ,e 
WyReham Publications, London,' 

The apparatus nay be employed in , „ ■ 
neutron scatter^ such as desert i "eutron" 
Radiative Capture" chrien, ed , uch » 
- ni = and molecular structure^ , 

-lecuies, and for investigating staL ^7^ 
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«<£2ll\yltl2 lai dis ° rder a " d_ p"as e tr ansitions in 



D. 




« ™ry short Uvea exther r adica =tive 

collision proiaces r>d £ w * » the neutron 

Processes with a aeasuraWe haj'^f" 

nuclei invoked in neutron ^ th * nature of the 

* measuring gama . rav and n /o a r bS " P ' 10n «» ^ determined 
emission, and correlating " P *" lcle 

Particle eni s sion cha^t" r s Iclt T" ^ ™>°* 
"«hod is also Known as neutron t " SaDPleS - 

- been used „ id el y for deter" n t """ 
co»pounds present in . sail ° f =r 

a sample material. 

If the lifetime of i-h« 
°" the order of 10 -« to tron """««v. events is 

tie sampie material is dof • ^ " the nat «e c - 

spectra o f the „ t . r a \ " iT" ^ " 

r««red to as pr onpt emission aPPr ° aCh " *—"— 

p-pt e,issi OT techni,: o i::r a " ray anaiysis - 

activation analysis, in that ™ 

sta We radioactive nu eons' ? " ele " entS <° - 
*» P-»pt emission aethod aL 0 h """"^ ^""-nt. 
" i- instantaneous, non-de st uc ICe ^ 

negiigibia — -ivit y ,12::^ produc ° s 

Figure Ii-n i Q 

sample material. In tnl , " ptu " M, lyais 0 , 

are directed onto a Maol . ' * ° " """"^ ^ 
chanber us. The const-. C M on " ^ 3 SaB P lc ' 

tl0n of tne reactor and 
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n the 



collimator have been described above " ThT " «. 

Pr oa UC e d by the reactor , either ™; J h £ ~ 

coua-tor. may be thermally and/or Donochro r ' - 
such as by methods indicated above. - 

The sanaa spectra produced in the 

il:: 1 :::::^? r ctor - - — - 

for detection „, ! W^atus may be edified 

the add H ! radlMCtiVe de ^ Prides. such as by 
the addition of scintillation detectors for detecting 
alpha or beta particles. meeting 

The apparatus has a wide range of analytical 
•reliction., including analysis of isotopic material 
*useum or archaeological samples, sensitive detect on'of 
environmental contaminants, detection of explosive 

; wr airport security ' w. .»< 

meaicai diagnosis . 

Although this part of the invention has been 
described with reference to particular embodiments 

one skilled ln the art that various changes and 
modifications may be made without departing from the 
invention. In particular, it win be apparent that . he 
neutron beam generator will haV e application ou d e f 
elemental and crystallographic analysis, for examp 
-dicme. for the treatment of solid tumors with h oh- 
energy neutron beans. nign- 
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gECTIOy TT.T-- ■ - ! 

Detailed Ansiv-r 

» - Palladium host l a ttice ,ene rat " POl «"«i°n 

° £ -n be ascribed enthalW ln 

-Put to the electrolytic react t ° on the "thalpy 



The magnitude of the «»v^« 

x- 20 Jtt :;-3 s o;r x t was *° ^ 

7.2HJ c, over the measurement cycletf 9 
Possible to ascribe this enthal " " " not 

process ,<!.». entha ^ "lease to any che mica i 

The most surprising f 

*™» th. fact that nu= 1 ear e pro U c r e e ss°e f s theSe """"" (3pa " 
all « this way, is P «n be induced at 

» n°t due to either of the ,7 ' 

reactions < 3 ) : 1,211 established fusion 

2 D + 2 D 3 T (1 

HS ( °- S1 MeV > ♦ n (2.45 „ev, 
which have the highest- 

of the Known ration ^ ^'"V^ 1 ' 
Although low levels of t hl <> h energy deuterons. 

«ere detected. <» the enth " a «' ^"My, of neutrons 
" hiCh is »«.utro„ ic and atritonic """"^ ° ne 



(ii) 
(iii) 



suggest that a priaary triti ° th ° r "Ported work 
involved. <*-»> -"tium process nay alsQ be 
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Successive series of measurements carried out showed 
that it was necessary to carry out many experiments on a 
substantial number of electrodes and over long periods of 
time (the median duration chosen for a measurement cycle 
was 3 months) . It was necessary therefore to adopt a low 
cost calorimeter design; some of the reasoning underlying 
the choice of the single compartment Dewar-type cell 
design, Figure III-l, is outlined herein. 

All measurements reported in this Section were 
carried out with 0.1, 0.2, 0.4 and 0.8 cm diameter 
palladium as well as 0.1 cm diameter platinum rod 
electrodes. The palladium electrodes (Johnson Matthey, 
PLC) came from three separate batches of material and a 
typical analysis is given in Table III-l. 

TABLE III-l 

Typical constitutional analysis of the Johnson- 
Matthey palladium rods used in this work. 



Element % by weight 



Ag 


0.0001 


Al 


0. 0005 


Au 


0.003 


B 


0.002 


Ca 


0.003 


Cr 


0.0002 


Cu 


0.001 


Fe 


0.001 


Mg 


<0. 0001 


Ni 


0.0001 


Pt 


0.001 


Si 


<0. 0001 
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cell 200 of «.», " sui ts gaven below » 

- = h ::„t F p r sent ^ f th r~ detaiw 

*n Figure Ui- 1# ne D «war type 

In this cell * 
to a 0-05 c» di ' * Palla diu m electrode 212 w 

pc S =r:r reci with ^i 22 i piatinu * ^ »»> 

Place by tfie The 'Erodes 212 ° dS 5u "°»ndi ng 

the ceu 200. Tho F spacer 226 at th. 

™d cathode assured th c ° n «sruratio„ of th. 

P°tent ial over th! eStabli *h»e nt of . a "° de 

e surface of <-k uniform 

cathoT Un "° r,n aM leve Is o e f" th0de ^ T "i S 

cathode 212 . e «ls of charging ot the 

Teinper i at:ure> 

the rai :::;r 2 e ;r: s vere Mde * P ec iall 

Wwnraprobes . °" 232 (Thermometries ^""r 

accuracy 5x7nn fteati "g element 234 tn , . Cycle 

y i>x2on metal fii« < Dl gi-kev + i* 

"ability tetter th r "i« or cnains y ±» 

— -P=nen t ; .""TV" ^ ' ^-C^ t 

. Terence comec ; „ .I-ctr^,'™ 

special celin 235 w hach WP r a • 

cells) were made thm„ included in 

'""lach al 3o contain „ thro ^ the top Ke i r , 

240 Th. f ° ni - ained a filling tube 2 < n P U<?S 233 

°- P i ugs 238 J "be 240 and a gas Ven . 

Paraf lla . fUrther «eal.« to the CeU 
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The cell 200 was maintained in specials 
water baths stirred with t „ P " Uy instructed 

ltn Te chne Tempunit TU-16A 
"xrrer/regulators. Two or three „Lr baL „ 
containing up to five DeMr cells 20 " hav h' 

maintained so that , t. „ been 
o mat 8 to 15 cells may be run 

Simultaneously. The results presented in th • 
are based on approximately 54 total II - 
approximately 360 cell cs , ! ""laments and 

the bath temperature at d D tr nS ' " ™* ^ th " 
the surface of the Iter blth' ^ °' 5 " ^ 

better than -CO!' o th e set t "° 
the vicinity of 303 V K) o <" h ~ h — in 

allowed to evapor a e re 1 "hL ^ W " 
was maintained throughout"!. L h IZT ^TT 
each water bath was _ e ' The leve l in 

atn was maintained constant by means = 
continuous feed ncin„ * ^ • means of a 

a using a dosimeter pump connected t n 
second thermostatted water bath. 3 

The minimum current used in all i- h « 
reported here was 2 oo mA and it ». f h"*"" 1 """" 
could be used at ,. rrent ° Und that the cells 

-trolyte. ^1!^ £ ^ ^ "» - 

electrolytes currents as high as ocT'col b ^ 
-w of the lower 3 oule heating in the" 

^^^^ - — eters for these 
combined with video » ^ 

be extremely rapid (time sc e J"? 1 " 9 f ° Und t0 

tooK place on an approximate 20s l^.r^ 1 "' 

currents used. As th*» hh , ne low est 

«s tne thermal relavaHr, n *. ■ 
calorimeters was mm- ■ taxation time of the 

5 WaS ^Proximately 1600s, the calor-s 
can be considered to be well stirred tanks i 
' the high degree of mi« ing and the axi °< 

miction of heat, the haxiaua variation i" t 
within the calorimeters wa. f „ temperature 

eters was found to be o.oi* except for 
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the' "rLul" C ° ntaCt " ith thS Kel F SD 

««1 directions. 6 dls P la «-i in the radial and 

A11 Ma surements report..* k 
^vanostaticaliv here 

Potentiostats connected as a al MntS W2101 

arrangement used. H^^- »» £eedback 
against oscil lations . »• ensured total protection 

father monitored regui ar Tv ° Utputs "«e 

afcove 300 mA were carried « t ' T^' " »-«»-„*. 

Figure iit-2 B - n- using the circuit 

' hls ^sured that hh „ • Ult «"■»"> in 

stabilization achievable bv Z ^ <* 

«»" *. emended to ,uch L h °' «"»«»-t.t 
(Measurements at current ! * CU " ent level - 
other forms of " S " leVels ^ to 25000 mA and .. . 

tetrodes we re charged at 6«L T ^formed., 
« * ««usion a i relL t ; o V £ " "-s in ej ss 

densities were then appUed as " • ^ 
"-Its. Data „ * d - i„ the 

excess of a f-rt-v, e ta *en after a 

^rther 5 dif fusional relaxati fter a P^iod in 

relaxation times. 

Heat transfer coeffjo- 

'or special e*per ime „ JterT; »- d daily 

Salvanostats to drive the resil Usin <> 
*» measurement scheme Mop^* 

electrolyte voices were repll"! "* f ° U ° US: 'he cell 
>>-= for experiments u.inT " ^ " « 

1600 ' and 200-400 n* ™ " "" 9e 8 °°" 

«- the cell temperatures Z. llT^ '° 3 

hours (>s therM1 £ a lo „ d „ 6quUibrate 

tnen applied for , hours » -s ; Joule ^ 

resxstive heaters, the 

SUBSTITUTE SHE! 
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input current from the galvanostat* k • 

that the temperature ^ "° 

was about 2°. The cell f er the sl °Pmg baseline 

were monitored every 5 JZZ ' he " er vo "^es, 

BHM aultipiexers Jinpu It tTc' ^ 1 »» 

MHz colters. SxampUs o^ch" < 356 " 

different experiment! . t th r , Z^'" <" 
in Figures Hi- 3A . C and tln « «e shown 

were mainlined open except durin T ~" """» " rcuits 
Periods <volta,e measurements werl ! 
,or , seconds before s a , U „ 9; ^ ^--^ 
were allowed to stabilize for » ., resistances 

Data were displayed n ea til * ^ ' 

to discs. Variations f r' " *" bein ' 

variations from these procedure* . 

experiments are given below. PeClal 

Experiments at low and intermediate current 
densities were carried out usino 10 m , 

*or the highest current denslt s h 1 ^rodeT 0 " 5 ' 
were reduced to i electrode lengths 

winding was r! °* °" ^ 
distributions; such * o^™" ^ 
bottom of the Dewars - 0 / eleCtr ° des Placed at the 

~o as to ensure adequate stirring. 

Experiments were carried out using D 0 rrambrin 
Isotopes) of 9g g* ■ 2 (Cambridge 

; or yy - 9 % isotopic puritv o i v T -«„ 

Prepared by adding u meta! I.D.^/ClT 1/9 , 

" ^ °' 1 " + «••* " and i „ U 3 so wJre ' 

prepared by adding dried L i so • 4 

, , Ll 2 S0 4 (Aldrich 99.99% 

hydrous, «Ll/'Li . 1/n , too . 1H Uoo 

respectively. The light „„„ » . 

stored by HMH and never rose above 0.5, s " 

withdrawn for „00 and tritiu, anaiyses w!re mad 

the appropriate electrolytes A «i , ! USing 

electrolyte was used for „ • ' ° £ 

for any gi Ve „ experinenta! series 
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Noraal losses due to i 

cil t emperatur J ^e 01 ^ 5 (and at 

were ma de up by adding ^ 

The current off . 

the co Bbined rates ^ det arained by Masur . 

S"r P risi„ gIy , these J * . e e n V ° 1Utl0n «"« the ceils. 

current e« iclencies ^ J" 0 ' 0 -*""-. Such high 
The high valuM "/J a * s ° reported ln other 

the inhibition 0£ D ^.J 3 " be »— -too* in teras of 

f0ra " ion •*» >y the extensive^ ^ '"^ * 
content o f the e le ctro ly te i„ thl ' " ^ 

f "option. Ihese hig y h ln the «tnode reglon 

•»P«*y the. ana lyse s J 2 ""^-ies greatlv 

— bo,. model uhlch j^^^r: by a ' 

y aescribed below 

In common with all 
engineering devices, thee/ ^ Phy " ico< *«ic a i and 

^-ior ot the oe„ar- :: t tion «■ d « a from th . 

»^ire s the constructs l oTZT^* 1 Cal °^te rs 
* Preferred method of data an y ««" 
^ttmg of the „o del t0 t . e " alySiS ls based on the 
"near regression ana lysis ai data using 

Calorimetry f or fh 
- * -taMe set of * - 

ceii, carefuUy Han J"' designed a „ 

non-Unear ro , ression technics .r^* inc ludir 
care ful l y consider all h „ ^ *>• nodel should 
"eluding: electric tran * f « co aponents> 

heat lnput due to : e :;; ut ' c3ub ^°- *«* 

•1-etroly.i. a„d ev ap o ration h \ 9 ^"rolyf los s b 
"-"ion and conduction, "<» the „ u Sy 

anSfer tr « the ceil du, 



s . 



sed 
and 

ncj 
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to latent heat of evaporation of n o heat „ 

enthalpy carried off in «.„ * dUS to 

O and L 993 Stream (f0r sample, D 

0 2 nd Da0)f heat generated ^ ^ reconbination P ' D - 

°, Uf any,, an d any excess heat generated in the cell 
Further, there should be consideration of the time 
dependant temperature change in the cell due to t L 
change of the contents of the cell Pri™ 
should also be given to ™ * T consideration 
external bath , thermostatting of the 

external bath and atmosphere temperature, careful 
choices should also be made of instrumentation and 
temperature measuring devices, such as thermistors 
heater components, ohm meters, volt meters, bath 
~- ators, potentiQStatSf multiplexers J 
processing pmi n*^*. 



processing equipment 
Results - 



A s«« ry o£ the results obtai 
0 4 c a ianeter rod electrodes ^ 9 0 o and 

summarized in Table III-A6.1. 



\ 

\ 
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10 



15 



Table HI-3 lists the times elapsed from the start 
= any parties experiment, t h e current density, t" 

na tl BnthalPy inPUt ' ^ «tha lpy Qf , 

and the excess enthalpy per u „ it volune . The ". 

values xn the Tabie were obtained by both the approbate 
method of data analysis and by an exact fitting procedur 
using a »bla=H box" design of the type brief !y described 
herein; error estimates are confined to the data derived 
by the latter method. Bate are given for the three 
electrolytes used and the batch numbers of the particular 
electrodes are indicated. The ,.».„«„„,. Par-lcular 
■ ■ ■ lne "easurements were made, as 

far as possible, when a steady state of excess enthalpy 
generation had been reached. However, this was not 
possible for some electrodes at the highest current 

r'T," b ™ * ««• "eguently driven 

to the boxing p 0int . The values ^ ^ ^ 

app y to the times just prior to the rapid increases in 
cell temperature (see section on Enthalpy Bursts) 
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O O 0 0 ^ 
O O 0 0 0 ^ 

2 2 o p o o 
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The values of the rate, of excess" enthalpy 
generation listed in Table ill-;, ara low „ . k 
both the method of calculation and tft ° n " » 
atent heat cf evaporation lead to an undl^i t ' f 
'* The " " a £urther uh i ch leads to an 

actional underestimate of Qf , the dissolution of D in 
the electrodes is exothermic and consequently the !, 
base line causes a decrease in the soluh 1^ l h t 

difficult to quantify since the deuterium content of the 
iattice will not be in equiUbriun at ten *° th * 

temperature. „. have there£ore J * J ~» 

wh.cn would 9ive small positive corrections to the 
derived values of the excess enthalpies, of the three 
corrections listed above, that due to the systematic 
underestimate of the heat output from the cell L Bos t 
significant. ls n,ost 

Blank Experiment- <» 

Table Hi-4 lists the results of a variety of blank 
experiments: measurements with Pd electrodes In Ugh 
water, with Pt-electrodes in li ght and heavy water aL 

water. It can be seen that most of these experiments 

give small negative Values for the excess 

These negative values are expected for system, 

thermal balance according to the 

(1) or the corresponding reaction for lioht w» f 

both the method of calculation and the e ' 

enthalpy output from the ceU due to evapl , 

an underestimate of the heat news from Z ™. '° 
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outputs while Figures ttt „ ! ln ««ses in the heat 

- «- ™ LceL^r^i::: th F v erlved »*- 

and B give the time dependence of the tot al 
excess enthalpies for th. specific 
experimental data A Zl ° C 
follow from these til d 1BPO " ant ^-i-n. 

the rates of 211 enthaT^""" ' ^ ^ 
-ith time; secon i . r,:^"" 0 " -i»ly 

enthalpy are superimpose," 1 h ? a °* «- 
steady state enthalm, - . ctfly increasing or 

te enthalpy generation and these h m «= 
at unpredictable times and * r . . ° CCUr 
blowing such hursts the ""^"abie duration; 

returns to a hasel ne 

y point, e.g., see Figure ttt-b ^ 
enthalpy production must e ' tr e mel ! ° f 

these conditions since the h eXtren,el y la rge under 

since tne dominant mode of hea* * 
is now the latent heat of transfer 

Possible, howeve ; a t s re": 10 "' " ^ ^ 
«ti,ate of the heat -C^^™*""- 
instrumentation are unsuitable to maKe estimat 
these conditions. It sh ould also be noted l t """" 
the cell potential initially decreases Un ^ 
situation for the bursts, there is usua ly TZIT^ 
ncrease of the potential with time -hen ce l a , 
to the boiling p 01 nt probably due to the o "o 
electrolyte in spray having the ceUs _ l0SS ° f 

The attainment of boiling may be d,,= » 

m ™ ~ - » — : r th : ; a ::;ir 
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OUt P«t. Because 0 J 

-Per iffl ents (or , afc °< '-continuing 

de <^ty, when st , of reducing 

adopted th« P01 img point i s rMr .. ^ nt 

P ea, these cannot yet ho „ • reachec * has been 
f ° r this «. as follo J et ^ ^^in^isned. The " 

VncontroU.M. en ^ ^ could J» 

The results f or th« 
Table ttt excess enth a1 ~ 

x "-3, show t enthalpy generation 

fl °»* can be obtained bv ^ Value * of the h 

technique adopted Th ^ ° f a s W>le cal ^ 
<*« very i a ' The reas °" for this h al ° riJnet ^c 

ery i arge red J this h lgh accuracy if! 

° f -1000 measurements of a h ^ Set "nich C on, 

te.perature-ti.e pj" * structured 

P-ameters of Z ^ ^ is — to deter . 

eter is deter mined *»" "«*el; the f 

^ta ge -ti me Profile" ot S6Pa - te ^ the 

a — y apP i ies to th p e 1 ° r t ; nd This -t.t... nt about su ; Gd 
*~ 2ed again that h ~ ;^- it l3 thG 

a systematic underesti-J ° f CaIc ^tio n le . 

corrected. . w "ich can, however t3 

Ver < readily be 
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These statements about th* 
^ -P-i-nts/^V^T"^ b ° rne ° Ut * 
caloriaetric technique adopted gives ^ that the 

balances for electrolysis lT 0 I Satlsfac tory thecal 
for 17315 acc °rd ing to reaction (i) or 



2H 2 0 - 2H 2 0 + o 2 



(iv) 



tne °-8 cm diameter m ~i 
are regarded as the no ^ • electrodes in D n 

carried out experinents on the pi D \ ^ 
«ro excess enthalpy Ex ' ' ySte,n Which ^ 

o.8« diameter electrodf ! """"^ generation on 
a recently ohtai ed b a tc « T """" ""'^ by 

those listed in Table tttT " ^P^iBents such as 

»t these Wan, experts' ^ Vi *"' d » the Ught 

generation can reach rates 'as Tl^"" ^^'i 
- ■ -tor of approximate: f ^ ^ 

the highes t value reported p y re ;;: u than 

to the highest value achieved i„ " ""^"bla 

"=ing SeebecJc calorin,etry<'°> reCent lnVestl 9 a tion 

enthaipy list e d in T a ble m ' V3lUeS ° f the ««— 

with the resuits contained in """^ in 

(e.g. see"-, for co™ P ara bl e exD " °' 

rable expenmental conditions. 

It should be noted that the 
vieu that the "steady-state" enthaTnT"" the 
to a process or processes i„ " 90nerati ™ is due 

though this statement does no! °' ^ ele «™ d « 

~t as that nad e on the basis o t 7 *° " Cl '" 

inventors. preli ni h ary Publication""": T^"^ " 



PCT/US90/0I328 

-74- ! i \\ 



Presented here show j„ ' "' 

<*~«y. Flg ure XX!-, »«*-ly with current 

■» «» order xv so TOCh (t s h 0 e t ;: t e inc " a - « i.«t 

appearance of a threshold oh Pr ° CeSS has «>• 

^-io- at lD h : c d ur p r h ;:;r on : ^^ nts of 

h °«ver, to decide whether th" den ««« are „ eed 
*at the threshold current d* ^ «*" ' " d " 

" «» highest current ^ ^t'^^-tU! -ioht he. 
systematic difference bet„ een th T" * "° dis ««i"e 
of electrodes end eLc^l" 3 f " «» ««.r.»t 
experiments. The scat ' n ! h ° lyteS US * d « these 
-all . t these high current d. "" " "^tively 

large at low to "tlT"" ^ this scatter 

-en he that t his s::::;;^"; mt *°^>- » 

the electrode meterial and/ dUe to d i«erences in 

could aiso be that °2°* S ° 1Utim — itions but " 

^ *°re sensi ive 7 : 1 !" *» « 

"nations for measurements at 

current densities. The * " W t0 intermediate 

ceneration for o.a cm diameter" V " XC "" * nth « 1 W 

°«ch 1 certainly points o tl "^ 3 ^ f «» 

netauurgical history of t„ 1,op ° r tance of the 

" i- -ted that most in^nit"" V 

haVe USed «U«v. ly io„ current ! """^ 

-X wen account for some of t he v ""^ *"* 'his 

results. Furthermore the ca! V,r "»*«ty of the 

-thods of data evaluation ado D r tT riC «" 

investigations would not ai lo „ th " °* 

" — - the excess tth:!;;" 11 "- 

Statements as to f-h« 
a r —y arhi^ « «" -ess 

! f experiment l!^ °" "—ration 



excesses of - 50HJ ha ^ , iving 

specific eX cess enthai ^ ^ 

ln the enthalpy ht 



The 
py bursts 



are perhaps better defined quantities-^K • 

Figures m- 6B , 1Ir anrt ? ntitles « ttus regard . 

Urgest burst bserved to d at ^ £ ~ *. 

«- -al enthalpi!^ ° ^ re"" ^ «« 
values which can be attributed to anv ch ^ 
Furthermore, for these bursts the ' he " 1Cal "actions, 
production are up to l7 ti ' , 13 ° f anthal Py 
tl~. (Pea. values, the tot" a " d <° 

ceils. As pointed \ enthalPy inpUtS *> ^e 

Pointed out previously! 1 ' th» „. 

efficient systems would allow the constrl 
effective heat 9 enerati„ g systems eve t e'e" 
enthalpy generation were re,t.- ! * CeSS 
values of Table uj-7 *° the baseline 
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CLAIMS: 



l " aPPa " tUS f " generating energy co . . 

* energy, comprising: 



< a ) a lattice structure 



capable of containing 
1SOt ° PiC hyd — catax y2ing nuclL 
-actions involving said isotopic ^ 



-ear 

and 

(*>> means for utili zil 



^ 9 Pr ° d -t of said nuclear 
reactions. 



ThS a PP««us as claimed 
derated by said nuclear **~* 

«» apparatus as claimed in claim 
—in said M ans for utilUing ^ /' 

-Ui-t^ neutrons fron said uci "T 
neutron bean. UClear ^ct lons into a 



«• apparatus as dai raed ln . 

serein said me ans for lU1 ,. . " °' 1 "> > 

„. "tUising includes means ■„ 

generating electricitv f- 

> fr °" "«'nucl Mr reactions. 
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\ 



5. 



The apparatus „ clained ^ ^ m ^ 

wherein said lattice ^ ^ - 

~u tlng said isotopic hydrogen 

structure. 



«• *» apparatus for generat . ng energ ^ conprisi ^ ; 

(a) a lattice structure c a pa„le of accumulating 
isotopic hydrogen; and 



(b, mea ns f or .equating sai d isotopic nydrogen 
to a sufficient concentration in sai d lattice 
structure to induce energy generation. 



7 



The ap Pa ratus as cl aia e d in any o£ ^ i ^ 
wherein said lattice structure is crystalline. 



8. The a Ppa r a tus as clained in a „v „, , . 

in any of claims 1 to 7 

wherein said lattice structure is metallic. 
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9 ' T he apparatus as C l ain „ . 

Iv * -fi or an alloy thereof _ a — p vm or . group 



— - -a ut«, structur ; ; ny ; f 

cc *alt, nickel . " palli "»<™. iron, 

an alloy thereof. 

U ' appar «- - c laimed in 

-re iB Said latWce Wr « — Ito 10 . 

r 3n all °y thereof. 

12 • The apparatus as r-i ■ 
— " s aid lattice structure « «.i~lto 12 . 

^ of naterial having a rela a ; onposite in9 a 

isotopic hydrogen. accun >ulati ng 
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1 



14 . The apparatus as claimed in any of claim 1 to 13 
wherein said lattice structure includes radioisotopic 
atoms. 



15. The apparatus as claimed in any of claims 1 to 14, 
wherein said lattice structure includes radioisotopic 
atoms selected from the group consisting of 60 Co, 90 sr, 
106 Ru, »'cs f 147 Pm, 170 Tm, "°Po, "8 pUf 2*2^ er 2i <^ 



16. The apparatus as claimed in any of claims 1 to 15, 
wherein said lattice structure includes atoms which emit 
high-energy rays or particles upon exposure to neutrons. 



17. The apparatus as claimed in any of claims 1 to 16, 
wherein said lattice structure includes boron, berylliui 



or carbon-14 ( 14 C) 



13. The apparatus as claimed in any of claims l to it, 
further comprising means for exciting said lattice 
structure with high-energy rays or particles. 
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The 



apparatus as claims , 
— c Mprising „ - ■** - I to „. 

°Pic hydrogen source. 



20. The 



apparatus as cl aimecl in 



21 • The 



apparatus as claimed • 
*«.in ..ia isot opic hyd „ " " CUi - * to 20, 

" yaro , en lncludes trit 



22 • The apparatus as cla . 

-« - toPic hydr o g e n : 0 ;i o ; s cia ;r 19 to 

Waratus further includ " * " Uid - 

*t*i~ s tructure . — - —ate in said 



23 ■ The apparatus as C lai„=„ • 

t xj] claim i 

"«» is an electrolyte anrt • "« 

—-in, sa ld electrolyta « — m„ lly 

accu Dulatcd lnto sa . d ^^^^ -otopxc hydrogen 
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24. The apparatus as claimed in claim ~23 wherein said 
lattice structure is an electrical conductor and is 
connected to said charge-generating source to be the 
cathode during said electrolytically decomposing of said 
electrolyte. 



25. The apparatus as claimed in claim 23 or 24, wherein 
said electrolyte is an aqueous solution comprising at 
least one water-miscible isotopic hydrogen solvent 
component. 



26. The apparatus as claimed in claim 25, wherein said 
isotopic hydrogen solvent component is deuterated water. 



27. The apparatus as claimed in claim 25, wherein said 
isotopic hydrogen solvent component is ordinary water. 



23. The apparatus as claimed in any of claims 23 to 27 
wherein said electrolyte includes lithium. 



29. The apparatus as claimed in claim 19, wherein said 
isotonic hydrogen source is at least one fused metal 
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™ a Pparatus "«> l.tt lc . structure 

hydrioe and ,„ , ^ lncl W« Means for h 

and the lattice for heating th 

hMro ,e„ from - — migration o 

«r U c ture . int ° ">e la ttice 

30 ' T ^ app aratus 

— an ; s ^- — . iron , coba 

---- d euterl J? " f - 

■""'"res thereof. ' P ° tassi ™ deuteri de or 

n - The app aratus as ^ 

™ a of heaUng ^--^ he at source 

hydrogen - —a h Wride to 

1SSS -t M e „ lcrose J;_ - — structure in 

32 • A method of re 

s teps of ; aCt1 ^ Atopic hydrogen 

(5) for ^9 a lattice'., 

- lc e structure „ hjrK 

— - ^ ogen and catai " h — i» 

— lnvolving ^ d »— «« ear 

" 0t °P- hydro,.,, and 
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<b) USl " 9 Pr ° dU « s ° f nuclei ructions. 



33. The method as claimed in claim M# wnerein saifl step 
=f using includes directing neutrons fM ^ 
reactions to a target area. 



34. The method as claimed in claim 32 or 33, wherein 

" aid ° f USi "' lnClUd « derating electricity Srea 

said nuclear reactions. 



35. The method as claimed in any of claims 3 2 to 34 
"herein said step of forcing includes" the step of 
Meeting the Uttice structure to a source of the 
atopic hydrogen to cause the isotopic hydrogen to 
permeate into the lattice structure to achieve a 
concentration therein sufficient to induce said nuclear 
reactions. 



36. A method of generating heat, comprising the steps 

of : 
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\ 

U) ; UbjSCting ' — - '-"topic hydrogen to a 

h d ttiCS StrUCtUre ™ e of afcsorhing isotopic 
hydrogen; and 

<b> : ausing isot ° pic h — ^ Peraeate into the 

l StrUCtU " * . concentration 

therein suffi c i~ n 4- ^ . ^ 

ficient to induce the generation of 

heat. 



37. The method as clai^ • 

claimed m any of claims 32 to 36 
further comprising the steo of ' 



J 8. The method as clai»=^ t 

uh . ln ° f 32 to 37 

" latti « — is P aHa diun , iron ' 

— t. ni c)t e, ruthenim . rhoaiun , hafnium 
or an alloy thereof. ^fnium, 



39. The method as cbin,^ • 

dS claimed m anv of r-i-,; 
^. n y of claims 32 to 3S 

wherein said lattice ^tr-^ 

trUCtUrG lnClud - radioisotopic 

atoms. 
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The „et nod as claiBed in ^ ^ ^ ^ 

—in sai d lattice inciudes atMs ^ ^ 

9h " ener9y " ^"'^ "P0„ exposure to neutrons 



■>!• The method as cl.i.^ • 

cl al med ln any of cla . ms ^ ^ 

further comprisin, the step Qf ^ 
structure with h ioh-ener gy rays or perticies. 

«• The metho d as claimed in any of ciaiM ^ ^ ^ 
wherein said isotopic hydrogen includes ' 



«• The method as ciaimed in any of claims 32 to „ 
herein s ai d isotopic hydro,*, includ „ triM(1B . 



-rein said isotopic h ydr = g en source is an 
-d said metnod further , ncludes ^ steo ^ 

eleCtr ° lytiCaUy — A - —ro ly te to fora th( 

ectopic hvdr^en uhich ^ ^ 

structure. 
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, . — 44, wherein s^h 

lattice structure is eiectric, 

cathode durino .„ leCtriCa11 ^ «n*«tiv. and ls ^ 
" 9 " ld el ™ ytically de c onposing . 

4 6. The method as claimo* • 

claimed ln claia 4 - 

said electrolyte is an » herein 

a jt i-e is an aqueous <=rti,,*.,! 
least nn ^lution comprising at 

one Ectopic hydro , en solven ; 

component. ve " c 



47 • The method as clai^ • 

claimed m claim 46, wherein 
ectopic hydrogen solvent comn " 

ivnt component i s deuterated water. 



48 • The me thod as claimed in m • 

h yd r ooe „ solvent c ; " Vherei " 

ivent exponent is ordinary water _ 



-rein said isctcpic h ydrog en ^ ^ " 5 * »■ 



heating the hydride to St6p cf 

/ wae to promote miar-ii-io„ - • 

Hydride into the lat . ic ' t 1S ° C °<"< 

latwice structure. 
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50. The method as claimed in claim 4 g~ " 

. wherein the step of heating indudes ^ st£p q£ 

applying a pulse of pouer ^ ^ ^ ^ ^ 

hydride to transfer said isotopic hydrogen to said 
Xattice structure in iess than about one Microsecond. 



ce 

c 
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